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THE POST-CRISIS IN BLOOD-INDUCED PLASMODIUM 
LOPHURAE INFECTIONS IN WHITE PEKIN DUCKS1 
ELERY R. BECKER, CHARLES E . BRODINE, AND BoNNIE L. Cr.APPISON 
Department of Zoology and Entomology, Iowa State College 
Received January 31, 1949 
Coggeshall (1938) discovered Plasmodium lophurae in the blood 
of a Borneo fireback pheasant (Lophura igniti igniti) kept in the New 
York Zoological Park. Descriptions and colored plates of the blood 
stages have been published by Coggeshall (1938) and Hewitt (1942), 
and of the preerythrocytic developmental stages by Huff, Coulston, 
Laird, and Porter (1947). Coggeshall found that young chicks of 
several breeds were quite susceptible to infection by blood-inoculation, 
but older chickens, though still susceptible, exhibited strong age-
resistance. Terzian (1941, 194la) has made a careful study of biological 
characteristics and host-parasite relationships of the parasite in chickens, 
and Hewitt (1942) and Hewitt, Richardson, and Seager (1942) have 
made comparable studies in ducks. It has been stated that exoerythro-
cytic forms (= Huff's phanerozoites) other than the preerythro-
cytic forms previously mentioned do not occur in blood-induced infec-
tions (Terzian, 1941, and Taliaferro and Taliaferro, 1945) . Although 
the asexual cycle exhibits but a low degree of synchromicity, it has 
been possible for Terzian (1941) to estimate the length of the cycle 
in chickens at forty-eight hours, and for Hewitt (1942) to estimate it 
in ducks at thirty-six hours. Of domesticated birds, chickens, ducks, 
pheasants, turkeys, and guinea fowl are susceptible in varying degrees 
to sporozoite- and blood-induced infection (Huff et al. , 1947); and of 
the caged birds, canaries and zebra finches (Taliaferro and Taliaferro, 
1945) . 
Since our present interest concerns the blood-induced infection 
in ducks, it is to be pointed out that Wolfson (1940, 1941) first noted 
the high susceptibility of these birds as evidenced by high and often 
fatal parasitemias. As has been reported by a number of workers and 
as we also have found, parasitemias induced in young ducks by moder-
ately heavy intravenous injections of parasitized cells (such as, 1.5 x 
109/ kg.) tend to reach the peak on the fifth or sixth day, then decline 
precipitously for two or three days, and less precipitously for another 
two or three days. Young untreated ducks succumb within three weeks 
to this primary attack in 90-95 per cent of the cases (Marshall, Litch-
field, and White, 1942). 
1 This investigation was supported in part by Research Grant 6~5 (C) from the 
Division of Research Grants and Fellowships of the National Institute of Hl!;µth, 
U. S. Public Health Service. 
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Hewitt, Richardson, and Seager (1942) testify as follows regarding 
post-crisis developments: "Birds of two and four weeks of age usually 
develop chronic infections, and if they survive the parasite peak, para-
sites can be found in the blood for two and three weeks after inocula-
tion. In older birds, however, the parasites disappear more quickly from 
the peripheral blood if the peak is passed and death does not occur." 
The statement implies the eventual development of post-crisis latency 
in ducks. Terzian, noting that parasites disappeared from the blood of 
chicks after the crisis, declared that in such cases subinoculations into 
clean birds failed to produce infection. Taliaferro and Taliaferro (1940) , 
however, found that, although the parasites disappear from the blood 
of chicks in a few days after the crisis, the infection really becomes 
latent because parasites can be demonstrated in young chicks after 
injection with relatively large quantities of blood from the recovered 
birds. 
MATERIALS AND METHODS 
The strain of P. lophurae employed was from an infected .duck 
supplied in September, 1947, by Dr. William Trager of tlie Rockefeller 
Institute of Princeton, New Jersey. Since that time the parasite has 
been transmitted serially through ducklings by intravenous injection 
of moderately heavy doses of parasitized cells at intervals of four, 
five, or six days. The host was the White Pekin duck. The ducklings 
arrived in the laboratory one or two days after hatching, were fed 
a commercial chick starting ration, and were inoculated at the age of 
twelve to fourteen days. Each duckling was inoculated with about 
2 x 108 parasitized duck cells. Blood smears were fixed in methyl 
alcohol and stained in Giemsa. Some of the ducklings under observation 
were untreated, while the others received enough quinine during the 
first six days of the infection to affect the parasitemia. The counting 
procedure was the same as that previously employed (Becker, 1949) . 
Ten thousand red cells constituted the minimum counted before a 
smear was recorded negative. 
During the last sixteen months the courses of several hundred 
infections of P. lophurae in ducks have been followed throughout or 
in part, but the observations on only twenty-six survivors of four series 
were selected for reporting because there were more survivors in 
these series than in the others, and the recorded observations on them 
were the most extensive. Eight of the twenty-six were untreated or 
control birds, and were the survivors of a total of twenty-five originally 
inoculated. The other eighteen ducks had received small doses of 
quinine (7-12 mg./ kg. b.i.d.) on each of the first six days of the 
infection, and comprised the survivors of an original thirty. Incidentally, 
the Chi-square test shows a significant difference in the mortality of 
the two groups. Only birds surviving forty-five days after inoculation 
were included in the present study because of the emphasis on develop-
., fr, 
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ments in continuing infections. It is believed by us that there is 
ordinarily little or no difference in the courses of the untreated and 
treated infections after the first three weeks. 
RESULTS 
The percentages of parasitized cells in blood smears made on 
selected days from each of the twenty-six ducks under observation 
are recorded in Tables 1-4. The last notation for a particular bird 
preceded its death by a matter of hours in some cases, in other cases 
a day or two, except for duck No. 5 which still survives. Ducks Nos. 
9, 18, 19, 20, 21, 23, and 24 were sacrificed for use in other experiments, 
but the remaining eighteen died naturally. The parasitized cell counts 
preceding death indicated that Nos. 4, 6, 7, 8, 11, 16, and 25 probably 
died of the malaria, but the cause of death in the other eleven cases 
was uncertain. Most of these ducks did not grow as well as their 
mates. Some sickened a day or two before they died. (Authors' note: 
Duck No. 5, a male, died of leucosis at the age of 368 days, still harboring 
demonstrable parasites in his blood.) 
Microscopically demonstrable parasites recurred after the third 
week in all twenty-six hosts except No. 19. In order to test the immunity 
of this bird after ninety days, it was injected intravenously with 4 cc. 
of duck blood from a five-day infection with 70 per cent of the erythro-
cytes parasitized. A smear made of its blood a few minutes after the 
injection contained numerous parasitized cells, but not a parasitized 
cell could be found in a smear made after twenty-two hours or later. 
This infection is designated Type 1. 
Although the opportunity of testing the infectiousness of the blood 
of duck No. 19 to young ducklings was passed over, there was under 
observation · at the time another duck with a long history of latency 
on which the test could be made. The primary infection following 
inoculation at the age of thirteen days was relatively light, with the 
peak 27 million parasitized cells on the fourth day and the blood 
apparently parasite-free on the ninth day. Frequent and thorough 
examination of stained smears through the 190th day have failed to 
disclose the persistence of parasitemia. On the 169th day one cc. of 
whole blood from this duck was injected intravenously into each of 
two young ducklings. Both birds had 0.36 per cent parasitized erythro-
cytes on the twelfth day and 5 per cent on the fifteenth day. This 
demonstrated that a duck with a long record of negative blood smears 
may harbor, nevertheless, a residue of Plasmodium lophurae. 
An inspection of Tables 1-4 led to the suggestion that the other 
twenty-five infections could, for simplification, be classified roughly 
under three types according to the courses they followed. First there 
are those of Type 2, in which the parasites seemed to have disappeared 
from the blood after the crisis and reappeared but sparsely after 
extended periods of seeming latency. Ducks Nos. 18, 21, and 24 harbored 
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TABLE 1 
PERCENTAGES OF PARASITIZED CELLS IN INFECTED DucKs OF SERIES 1 ( + indicates 0 .05 per cent or less; C = untreated control; Q = quinine recipient ) 
Day of 
Infection 
2 ... . . . . . . . . 
3 .... . . . . . . . . . 
4 .. . 
5 ... . . ... .. . . . . 
6 .. . . . . . . . . . . . 
7 .. 
9 .. . . . . .. ... . . 
11 ... 
14 ... 
20 .. ... . . . . . . .. 
25 ... . . . . . . 
30 ... .. . . . ' .... 
34 ... . . . . . . . . . .. 
39 .... 
54 .. . . . . . . . . . . . 
69 .... 
78 .. . 
85 .. . . . . .. . . . . 
92 .... 
96 ... 
106 .. 
113 . .. 
118 ... 
124 . . . . . . . . . . . . . 
130 . . 
136 .. 
142 ... 
148 ... 
163 ... . . . . . . . . . . . 
166 . . 
169 ... . . . . . . . . . . 
172 . .. . . . . . . . . . . . 
177 .. . . . . . . . . . 
180 ... 
185 .. .. . ... . .. .. . 
206 .. . .. . . . . . 
235 .. . . . . . . . . . . 
253 ... 
258 .. . ' .. . . . 
275 . .. . . . 
278 . .. . . . 
284 . . . . . . . . . . . . 
288 . .... .. . . . . . . 
301. . . 
304 ... . . . . . . . . 
306 ... 
312 ... . . . . . . . . . . . 
336 .... . . . . . . . 
339 ... . . . . . . 
344 . .. 
359 .. . ... . . . . . . 
1 (C) 
2.5 
17 .3 
24 .5 
75 .0 
70.3 
52 .0 
13.0 
0 .7 
0 .1 
7 .8 
0 .2 
o. 1 
0 .2 
+ 0 . 1 
0 .2 
0 .0 
+ 0 .0 
+ 
+ 0 .0 
0 .0 
0 .0 
+ 
+ 
+ 0.0 
0 .0 
0.0 
0 .0 
0.0 
0 .2 
+ 
+ 0 .1 
2 .0 
0 .1 
+ 
. . . . . . . . . . 
. . . . . . . . . 
. . . .. . . . . 
. . . . . . . . 
. ... . . 
. . . . . . . . 
Duck Number 
2(C) 3(C) 4(C) 5 (Q) 
4 .6 5 .0 5 .2 1 .4 
24 .5 21 .5 23 .0 1 .2 
55 .5 64.0 49 .0 1. 3 
84 .0 79 .0 73 .5 0 .9 
70 .0 43.0 59 .5 0.3 
46 .5 26 .0 33 .5 0 .3 
64 .5 1. 7 68 .5 0.7 
33 .0 0 .1 49 .5 + 11 .2 0.4 30 .5 0 .2 
+ 0 . 1 28 .5 0 .4 0 .6 0 .2 12 .5 + 0.1 0 .2 0 .2 0.2 
0.4 0 . 1 0 .2 0 .3 
+ o. 1 + + 0 .2 0 . 1 + 0 . 1 
o. 1 o. 1 0 .5 + 
+ + + 0 .0 
+ + 0.0 + 0 .0 0 .0 0 .2 0 .0 
0 .0 0 .0 19 .8 + 0 .0 0.2 0 .0 
0 .0 + + 0 . 1 0 .0 + 0 .0 + 0 .1 0 . 1 + + 0 .1 + 0 .0 0 .0 
. . . .. . ... . 0 .0 + 0 .0 0 .0 
. . . . . . . . . 0 .0 + 0 .0 . . . . . .. . . . 0.0 
0 . 1 0 .0 
. .. . ... . . o.o . . . . . . . . . 0.0 
0 .0 . . . . . . .. . . + 
. . . . . . . .. 0 .0 0 .0 
0.1 
. . . . . . . . . . . . .. ... . . 0 .0 
. . . . . . . . + 
. . . . . . . . . . . . . . . . . . . + . . 
. . . . . ... . . . . .. .. . + 0 .0 
. . . . . .. . .. . . . . . . .. . 0.0 
. . . . . . .. . . 0 .0 
. . . . . . .. 0.0 
. . . . . . . . . . . . . . . . . . . . . .... .. .. . + 
+ 
+ 
. .. . . . . . .. . . .... .. . + 
. .. ..... . . 0 .1 
. .. . . . . . . . . + 
. .. . . .. . . . . . . ... ' ... + 
6(Q) 
4.0 
18. 5 
19 .5 
55.0 
52 .5 
54.5 
4 .1 
0 .8 
+ 1 .0 
0 .3 
+ 0 .1 
+ o. 1 
0 .7 
0 .0 
0 .0 
+ 0 .0 
+ 
+ 0 .1 
+ 0 .0 
+ 0.0 
0.0 
0.0 
+ 0.0 
0.0 
0 .0 
+ 0 .4 
. . . . ... 
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infections which ran such a course. Those of Type 3 underwent frank 
recrudescences with mounting parasite counts. Relapses of this type 
occurred in ducks Nos. 4, 8, 9, 11, 13, 22, 23, and 25, a total of eight, 
though the peaks of the parasitemias varied considerably in intensity. 
The Type 4 infections were characterized by comparatively low para-
sitemias irregularly interrupted by sub-patent periods. Most of the 
infections, a total of fourteen, were of this type, and included ducks 
Nos. 1, 2, 3, 5, 6, 7, 10, 12, 14, 15, 16, 17, 20, and 26. 
4 . 
5 . 
6 . 
7 . 
8 . 
10 . 
13 . 
16 . 
19 . 
22 . 
25 . 
28 . 
31. 
34 . 
37 . 
40 . 
43 . 
46 . 
49 . 
52 . 
55 . 
62 . 
67 . 
74 . 
80 . 
86 . 
92 . 
98 . 
101. 
102 . 
103 . 
104 . 
105 . 
106. 
107 . 
108 . 
120 . 
123 . 
126 . 
128 . 
The Type 1 infection in duck No. 19 could be described as the 
TABLE 2 
P E RCENTAGES OF PARASITIZED C ELLS IN INFECTED DUCKS OF SERIES 2 ( + indicates 0.05 per cent or less; Q = quinine recipient ) 
Duck Number 
Day of ----·----------
Infection 7(Q) 8(Q ) 9(Q) lO (Q ) 
. . . . . . . 1 .2 2 .2 0 .8 0 .3 
. . . . . 0 .7 3 .3 0 .5 0 .3 
. . . .. 0 .4 1.3 0 .1 0 .2 
. .. . . . 0 .5 1.2 0 .4 0 .1 
. . 0 .3 1.0 0 .3 0 .2 
. . .. + 0 .1 0 .1 0 .2 
. . 0.0 0 .1 + + 
. . 0 .0 0 .1 + + 
.. + 0 .5 0 .1 + 
. . . . + 3 .4 2 .3 0 .3 
. . 0 .2 45 .0 12 .0 1. 9 
.. . . . . + 47 .0 35.0 0 .2 
. . .. 0 .1 2 .5 13 .8 0 .2 
+ 2 .4 0 .1 + 
. . . . . ... 0 .0 3.6 0 .1 + 
.. . . . 0 .0 3.6 + 0 .1 
. . . . . . . + 1 .5 0 .0 0 .1 
. . 0 .0 + 0 .0 0 .0 
. . 0 .0 0 .0 0 .0 0 .1 
. . . 0 .0 + 0.0 0 .3 
. . 0 .0 0 .3 0 .0 0 .0 
. . . 0.0 87 .0 0 .0 . . 
. .. . . . . . 0 .0 0.0 
. . 0 .1 . . . . . . . 0 .0 . . . . . . 
. . 0.0 0 .0 
. . . . 0 .0 . . . . . . . . 0.0 . .. . . 
. . 0 .7 0 0 .. 
0.7 . . . . 
. . . . .. . . . . .. .. . . . .. . .. 0 .7 . . . . . . . 
. . . .. 1 .5 . . . . . . 
. . .... . . . .. . . . . .... 1 . 8 . . . . . . . 
. . . . . . . . . . . . 3 .1 .. . . . .. 
. . . . . . . . . . . . 2.5 . . . . 
. . . . . . . .. 2 .8 . . . . . . 
. . .. . . . . . . .. . . . . . .. .. 1.3 .... . . 
. . . . . . . .. . . 0 .7 . .. . . 
.. . . . . . . . .. . . . . . . 0 .4 . .. . .. 
. . . . . . .. . ... . . . . .. . . . . . . 0 .1 . . . .. . . . . 
. . 0.0 .. . . 
. . . . . . . ... + . . . . . ... 
11 (Q) 
2 .1 
1.8 
1.3 
1 .2 
0 .7 
+ 
+ 0 .1 
0 .1 
0 .0 
0.2 
+ 
+ 0 .7 
5 .4 
33 .0 
57 .0 
1 .7 
0.3 
0 .0 
5 .1 
0 .0 
0.0 
+ 
+ 0.0 
+ 0 .0 
0 .0 
+ 
+ 
+ 
+ 
+ 
+ 
+ 21.0 
. . .. 
. . . . . . .. 
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latent type; Type 2 infections as sub-latent, i.e., the parasites recur 
infrequently and in very low intensity. That in Duck No. 18 is a good 
example. Type 3 infections, in which marked recrudescences of para-
site growth occur at intervals, could be described as the recrudescent 
type. Figure 1 depicts graphically the cours"es of such infections in a 
control duck (No. 25) and a duck treated with quinine for the first 
six days including day of injection (No. 8). Each exhibited ideal 
infections of this type with two severe post-crisis relapses. The Type 
(/) 
~ · 
:::1' 
(.J 
0 
I.. 
..c 
+-
:r 
L 
w 
,-----------------------------------~~ t 
eo 1- Duck No. 25 
70 ~ (Control) + 
60 I I 
50 1 I 
Dvc.k No. 8 
(Trcz.otq,d Days 1-5 inc.) 
] 40~ 
l\J 
-t-
-u; 30 L E I 
cf 
'() 
+ 
c 
~ 
u 
<-
& 
0 
I 
J>.~~ ....... 1$--4........,.µ--~- ~ -I 
10 15 20 25 30 35 40 45 50 55 E>O 6() 70 
Doy of lnfa.ction 
F:rc. 1.-The course of the parasitemia in infections of the recrudescent type in 
duck No. 25, a control, and in duck No. 8, quinine-treated on days 1-5 of the in-
fection. (Note the distortion of the ordinate to shorten it). 
4 infection, of which duck No. 5 may be considered the most nearly 
ideal, is the hardest to describe in a single word, but since the parasites 
are present frequently and in comparatively low intensities, it will be 
designated the intermittent type. There are, of course, no hard and 
fast lines separating the four types. Duck No. 26, for example, listed 
above as harboring a Type 4 infection, could as correctly have been 
assigned to Type 2. It is of interest that of the twenty-six ducks under 
observation one, or 3.8 per cent, harbored Type 1 infections; three, 
or 11.5 per cent, Type 2 infections; eight, or 30.8 per cent, Type 3 
infections; and fourteen, or 53.8 per cent, Type 4 infections. 
DISCUSSION 
The data which have been presented prove that latency is by 
no means the universal state of blood-induced P. lophurae infection 
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generated in ducks by the immunization process set off at the crisis. 
In only one of twenty-six ducks were the parasites not found to recur. 
These recurrences varied in intensity from considerably less than 0.05 
per cent of parasitized erythrocytes to as many as 87 per cent. It 
was possible to group the post-crisis infections roughly into four types 
according to the quantitative characteristics of the courses they assumed. 
Since none of the birds underwent any special treatment after the 
first six days it is the logical assumption that these four general types 
were an expression of the variability of both the innate capacities of 
ducks to cope with the parasite and of the pattern of resistance against 
the parasite. This variability in capacity to develop resistance to the 
parasite actually was manifested much earlier, for the twenty-six ducks 
T ABLE 3 
P E R CENTAGES OF P AR AS!T IZED C E L LS IN I NFECTE D D UCKS O F S E R IES 3 ( + indicates 0 .05 per cent or less; C =untreated control; Q = quinine recip ient) 
I ________ Duck Nu_m_ b_er ___ _ 
I 12(Q ) I 13(Q ) I 14(Q ) Day of Infection 
---------
3 .... ... .. .... . .. . . 2 . 6 
4. ...... . . . ...... . . 2 . 5 
5. ..... ............ 2 .0 
6. . . . . . . . . . . . . . . . . . 1. 9 
7 . . . . . . . . . . . . . . . . . . 1. 4 
9 .... . ... .... . ... .. 0 . 1 
11.... ..... .. . ...... 0 . 2 
13 . . . . . . . . . . . . . . . . . . 1 . 1 
16. . . . . . . . . . . . . . . . . . 4 . 6 
19. .. . ....... . ...... 0 . 7 
22 . . . . . . . . . . . . . . . . . . 0 . 1 
25 .. .. . . . . . . .. .. . . . . + 
28. ................. + 
31.. .... .. .. . . .. .... 0 .0 
34 . . . .. .......... . .. 0 . 0 
37. . . . ........ .... .. o.o 
40 ... . ... . .. . .. ..... 0 .0 
43 . . . . .. . . . . . . . . . . . + 
51.. .... .. .. ........ + 
58 . . . . ... .. . . . . . . . . . + 
63 .... .. . . .. . . ....... .. ... . 
69 ... . ....... . ... ..... ... ... . . . .. . 
72 . .. . ... ..... . ........ .......... . 
78 .. .. ...... . . .. . . . .... .. ..... . 
84 . ... .. . . . .... .. . . . .. ....... . .. . . 
87 .. . . ......... . ...... . .. . .. . .... . 
88 . .. .... . .............. . ..... .. . . 
89 ............................... . 
90 ......... . ........... . ......... . 
9 1 ....... . .. ................. . ... . 
92 .. . . ... .. . .. . . . ... .. .... . ... ... . 
93 . ....... ..• ... . .............. . .. 
94 .... .. ....... ....... ... .. . . . . .. . 
107 ......... .. . ...... ... .......... . 
110 .. . ..... . : .............. .. ... . . . 
11 5 . . . .......... . . . .. . ... . ...... .. . 
5 .6 
3 . 5 
2 .4 
1. 7 
1.0 
0 . 2 
0 .1 
0 .8 
4.8 
40 .5 
0.4 
0 .0 
+ 
+ 
+ 0 .0 
0.0 
0 .0 
0 .0 
o.o 
0.0 
0 . 0 
0 .0 
0 .0 
+ 
0.5 
1 . 1 
1. 0 
2.4 
6 . 2 
14 . 0 
14 .3 
10 .8 
0 0 
0 .0 
0 .0 
2 .0 
1.2 
1. 3 
1 .0 
0 . 7 
0 . 2 
0 . 1 
0 .9 
1. 6 
14 . 3 
2 . 1 
0 . 2 
+ 
+ 
+ 
0 . 0 
0 .0 
0 .0 
0 .0 
+ 
+ 
0 .2 
o.o 
0 .0 
+ 
15(C) 
16 . 3 
60 .5 
67 .0 
70 .5 
63 . 0 
58 .0 
33 .4 
8 .8 
0 . 2 
0 . 2 
0 . 3 
0 .0 
+ 0 .0 
0 .0 
0.0 
0 .0 
+ 
+ 
0 .0 
+ 
+ 0 .0 
0 . 0 
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under consideration constituted the survivors of an original fifty-five, 
over half of which succumbed before the studies had been under way 
forty-five days. It should be reemphasized that mortality in these four 
series was unusually low, especially in the control or untreated ducks. 
In certain other series of ducks a mortality of 90 or even 100. per cent 
has been encountered in the controls, and as high as 80 per cent 
Day of 
Infec-
ti on 
2 ..... 
4 ..... 
5 ..... 
6 ... .. 
7 ..... 
9 ..... 
11 ..... 
14 ..... 
21 ..... 
28 ..... 
33 ..... 
37 . .... 
39 . .... 
43 ..... 
46 ..... 
49 . ... . 
52 ..... 
58 . ... . 
61 ..... 
64 ..... 
67 ... .. 
78 ..... 
81 ... .. 
84 ..... 
87 .. . .. 
90 .. . . . 
91 ..... 
94 .. ... 
100 .. ... 
121 ..... 
TABLE 4 
PERCENTAGES OF PARASITIZED CELLS IN INFECTED DUCKS OF SERIES 4 ( + indicates 0.05 pf:1 cent or less; C =untreated control; Q =quinine recipient ) 
Duck Number 
-- 17 (Q~l 18 (Q) 19(Q) 120(Q ) 21.(Q) 1 22(Q~IZJ~) j;CC) 25(C) 26(C) 16(Q) 
2 .9 1 . 1 2.1 1.1 2 .5 0.8 1.0 1. 3 6 .0 8 .0 8 .0 
6 .0 0 .7 2 .0 2 .6 4 .1 0 .4 1. 2 1 . 2 49.0 47 .0 54.5 
4.0 0 .3 0 .9 2.9 2 .3 0 1 0 8 0 .6 67.0 75.0 78 .7 
3 .9 0 .6 1. 5 1 . 8 2 .6 0 .3 0 .7 0 .8 88.0 87.5 88 .5 
2 .1 0 .3 0 .8 1. 3 1.6 0 .2 1 . 1 0 .4 86 .5 85 .5 85.0 
0 .3 + + 0.1 0 .4 0 .1 0 .4 0 .1 48 .5 28.0 71.5 
0 .2 + + + 0.5 + 0 .4 + 28.0 6 8 44.5 
1.5 0.1 0 .2 + 7.8 0 .8 0 .8 0 .1 5.2 0.4 16 . 5 
16.5 1.8 0 .2 0 .0 42 .0 12 .4 3 .9 + 37 .0 0 .1 18 .0 
+ + 0.0 0 .0 o.o + 0 .0 7 .1 3 .8 0 .0 + 
0 .1 + 0 .0 0 .0 + 0.0 0 .0 20.5 + 0.0 0.0 
+ + 0.0 0 .0 + 0 .0 + 1.4 0 .0 + 0.0 
+ + 0.0 0 .0 0.0 + 0 .0 0.1 0 .1 0.2 0.1 
0 6 + 0 .0 o.o 0 .2 0 .0 0 .0 + + 15 .5 + 
+ 0 .0 0 .0 0.0 + 0 .0 + 0.0 + 77.0 + 
+ o.o 0 .0 0 .0 0 .0 0 .0 0 .0 + 0.0 2.8 + 0 .1 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 + 0.0 0 .1 + 
0.1 + + o.o + 0 .0 1.6 8 .7 0.0 + o.o 
+ 0 .0 + 0 .0 + 0 .0 9 .3 7.3 0 .0 + 0 .0 
0.2 0 .0 0.1 0 .0 + + 0 .1 0 .6 0 .0 18 .3 0.0 
+ o.o 0.0 0 .0 0 .4 0 .0 .. . . . . 0.1 0 .0 68 .5 0 .0 
. . . . . . . . . . . . 0 .1 0 .0 . . . . . . . . . . .. . . . . . . . . . . . 0 .0 . . . . .. . ..... 
. . . . . . . ' ... o.o 0.0 . . . . . . . . . . . . ... . . . . . .. .. 0 .0 . . . . .. . ... . . 
. . . . . . . . . . . . 0 .0 0 .0 . . . . . . . . . . . . . . . ... . . 0.0 . . . . . . . ... . . 
. . . . . . . . . . . . 0.0 0 .0 . . .... . .. .. . . . . . . . . . . . . o.o . . . . . . . . . . . 
. . . . . . . . . . . . 0.0 0 .0 . . . . . . . . . . . . . . . . . . ..... 0 .1 . . . . . . . ... .. 
. . . . . . . . . . . . 0 .1 ...... . . . . . . . . . . . . . .. . . . . . . 0 .2 . . . . . . ..... 
. . . . . . ... . .. 0 .0 . . ' . . . . ..... . . . . . . 
::::: :1 .. :-:: 0.0 ' ..... . . . . .. . . . . . . . . . . . . o.o . . . . . . . . . ' .. ..... 0.0 . ..... . . . . . . . . . . . . . . . . . . 0.0 . . . . . . . . . . . . . .. . . . . . . . . . ... . . . . .. 
mortality in groups which received quinine, with the dosage 8 mg./ kg. 
b.i.d. 
The question arises, was the blood actually parasite-free on those 
days when not a parasitized cell was present in 10,000 counted? The 
answer is definitely negative in certain cases. For example, duck No. 5 
was recorded as negative on the 235th, 253rd, 258th, and 275th days. 
No parasites were observed by the senior author in 100,000 erythrocytes 
counted by fields of an estimated 100 in the smear made on the 235th 
day, but one undeniable parasite was seen in each of the other three 
smears before 50,000 marks were reached. On the other hand, no 
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amount of searching resulted in locating parasites in smears from 
duck No. 19 after the fourteenth day. Then there were ducks, such 
as Nos. 9 and 24, which were negative ov~r forty-nine- and thirty-eight-
day periods, respectively, but afterwards became positive again. It is 
possible, of course, that the blood was positive on certain days when 
examinations were not made, but it is unlikely that the parasitemias 
reached any considerable degree ·of intensity. 
The method of subinoculating young uninfected ducklings with 
considerable quantities of blood from a microscopically negative duck 
was not employed as much as it should have been. One notable t€st 
was made with ducks Nos. 1, 3, 5, and 6 on the 163rd day, when their 
bloods appeared to be negative. One cc. of heparinized blood from each 
was injected into ducklings, resulting in infection in all but the one 
injected from duck No. 1. The writers were remiss in not making 
similar tests with the blood from duck No. 19, but as stated above, 
ano~her duck with a similar record was proved still to harbor parasites 
by transfusing young ducklings, and a heavy intravenous inoculation 
of parasitized cells into duck No. 19 was quickly cleared from the 
blood. Since it is fairly well established that acquired host-resistance 
to a species or strain of malarial parasite is a premunition, it may be 
assumed that this bird still harbored a residue of parasites. This assump-
tion, however, may not be safe in all cases, for Gingrich (1948) has 
reported that canaries cured of P. cathemerium with certain anti-
malarial drugs retain measurable resistance to reinoculation through 
the sixth month after treatment, but measurable acquired immunity 
is lost after eight months. Certain experimenters to whom he refers 
had previously reported a year's duration of immunity to P. knowlesi 
in monkeys after curative treatment of the host. 
It is presumed that exoerythrocytic stages do not occur in ducks 
with blood-induced infections of P. lophurae (v.s.) . Consequently, the 
presence of parasites in the blood at any time is to be ascribed to 
persisting parasites passing through the ordinary schizogonic cycle in 
red cells. Their intensity, however, becomes so low at times that they 
can be demonstrated only after a long search with the microscope, or 
even only by blood inoculation into susceptible ducklings. 
The amazing pathogenicity of the parasite in blood-induced infec-
tions deserves special comment. At present writing (339th day) only 
one duck survives of the forty-eight which were given a chance (seven 
of the original fifty-five were sacrificed). As was previously stated, 
twenty-nine (52.7 per cent) of the original fifty-five ducks died before 
the forty-fifth day of the infection, and this mortality was considerably 
lower than ordinarily occurs. A number of the birds died with no or 
very few parasites demonstrable in the circulating blood. Some of 
the ducks made poor growth gains after the crisis. The failure of 
infected ducks with low parasitemias to do well poses the problem 
of the cause. Manwell (1943) has commented on poor condition and 
unexpected deaths in his ducks infected with a number of other 
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species of the avian malarias, even though the parasite counts were 
very low. 
The only information available about sporozoite-induced infection 
in ducks, in papers by Laird (1941), Hurlburt and Hewitt (1942), 
Jeffery (1944) , and the unpublished data of Porter and Laird, quoted 
by Huff, Coulston, Laird, and Porter (1947) is to the effect that low-
grade, irregular infections generally develop in both chicks and duck-
lings inoculated with large doses of P . lophurae sporozoites. Jeffery 
observed patent periods of forty days and generally low-grade para-
sitemias, but in three ducks the parasitemia became high. No mention 
was made of host-morbidity or mortality. 
SUMMARY AND CONCLUSIONS 
In order to study the quantitative character of prolonged infec-
tions, microscopic examinations were made at intervals of the blood 
of ducks infected with Plasmodium lophurae which survived a minimum 
of forty-five days. It was found that only one infection out of twenty-
six studied became permanently latent after the reduced parasitemia 
following the crisis had run its course. The post-crisis infection ordi-
narily pursues a "relapsing" course with sub-patent periods of vary-
ing length alternating with patent periods also of varying length and 
with parasitemias of varying intensity. It has been possible to divide 
the post-crisis infections into four types, as follows in the order of 
their frequency: (1) the latent, apparently the rarest; (2) the sub-la-
tent, in which the recurrences of the parasite are infrequent and of 
low intensity; (3) the recrudescent, in which certain of the recurrences 
of the parasite are of high, or at least comparatively high, intensity; 
( 4) the intermittent, in which patent and sub-patent intervals occur 
frequently and irregularly, and the parasitemias are of comparatively 
low intensity. 
The high mortality occurring early in blood-induced P. lophurae 
infection when parasitemia becomes high and, among the survivors, in 
the weeks and months after the crisis when parasitemia is irregular 
and variable in intensity attests to the susceptibility of ducks to this 
parasite, as contrasted with the tolerance manifested to it by chickens. 
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INI'RODUCTION • 
The work reported herein was carried out in an effort to determine 
the factor or factors responsible for the differences in susceptibility to 
attack by larvae of the European corn borer, Pyrausta nubilalis Hubn. 
that reportedly are displayed by different varieties of corn. The Euro-
pean corn borer is a major pest in the corn belt of the United States. 
None of the control measures now practiced by commercial corn pro-
ducers adequately solves the problem of preventing or curbing the 
ravages of this insect. 
One approac}:i to the problem of combating the corn borer has been 
through attempts to develop varieties of corn that display a compara-
tively high resistance to its attack. Although corn breeding programs 
have made substantial progress, no immune or near-immune varieties 
have been produced to date. The present work was initiated because it 
was believed that a knowledge of the factors involved in resistance of 
the plant would be of great benefit to these breeding programs. The 
experimental work conducted on this problem has been of an explora-
tory nature, several possibilities being considered and explored in the 
hope of obtaining a leap that would justify further and more exhaustive 
investigation. Some phases of the investigation have shown promise 
and are to be expanded in future work. 
As pointed out by Everly (6), the resistance problem in respect 
to the corn borer resolves itself into three phases: (1) the oviposition 
preferences of the female moths, (2) the survival of the larvae, and 
(3) the tolerance and ability to recover of the corn plant. In this work 
we have been concerned only with the survival and growth of the 
larvae. 
MATERIALS AND METHODS 
The work described in this report involved the laboratory rearing 
of newly-hatched corn borer larvae on green plant material. The larvae, 
1 This investigation was supported in part by the Research Committee of the 
Graduate School from funds supplied by the Wisconsin Alumni Research Founda-
tion. Approved for publication by the Director of the Wisconsin Agricultural 
Experiment Station. 
• Now professor of Entomology, Iowa State College. 
• The ·authors gratefully acknowledge the cooperation of Professor J. F. Stauffer 
during the progress of this work. 
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from field-collected eggs incubated and hatched in the laboratory, were 
used within a few hours after hatching, and without having had an 
opportunity to feed. They were reared in shell vials of about 25 milli-
liters capacity, four larvae being placed on the plant tissue held by such 
a vial. · 
The plant material used was grown in the Horticultural Gardens on 
the campus of the University of Wisconsin. Plots containing two corn 
hybrids and two varieties of sweet sorghum were planted at frequent 
intervals, making it possible to obtain plants of different sizes and 
varieties at any time. One "susceptible" dent corn hybrid (WF9 x 187) 
and one "resistant" hybrid (R4 x Hy) were used. The sorghum varieties 
planted were amber cane and South Dakota selection "20-30-S." The 
latter strain was supposedly high in cyanide content and the former 
much lower. 
For use in the feeding experiments, plants were selected according 
to their vertical height and the length of the longest leaf from ground 
to tip. In the data presented, however, only the height is indicated. The 
leaves of the plants selected were cut into sections about two inches 
in length, and several sections were placed together and rolled into a 
cylindrical bundle. The ends of this bundle were then dipped into molten 
paraffin to seal the cut ends and thus conserve moisture and help pre-
serve the form of the rolled bundle. 
The plant material, prepared as described above, was placed in a 
sterile shell vial, the larvae were added, the vial plugged with cotton, 
and the whole placed in an incubator maintained at a temperature of 
about 80°F. At the end of seventy-two hours the surviving larvae were 
transferred to vials containing fresh plant material. They were again 
placed in the incubator, and at the end of a second seventy-two-hour 
period the culture was examined, the larvae weighed, and the experi-
ment terminated. 
EXPERlMENTAL RESULTS 
1. PLANT SIZE AND SUSCEPTIBILITY 
It is a common field observation that young corn plants under 
about sixteen inches in height are seldom attacked by corn borer larvae. 
Neiswander (8) reports that when only corn plants less than sixteen 
inches in height are available, the moths prefer to lay their eggs on 
other plants, such as potatoes or oats. The failure of the moths to ovi-
posit on small plants is thought to be correlated with the unsuitability 
·of such plants as food material for the newly-hatched larvae. 
In testing this hypothesis, a series of experiments was carried 
out in which leaves from various-sized plants of two corn hybrids, one 
"resistant" and one "susceptible," were used as food material for newly-
hatcheo larvae. 
Results 
The mortality encountered among the larvae reared on the leaves 
of plants of various sizes (Fig. 1) shows that the "resistant" hybrid 
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PLANT HEIGHT IN INCHES 
FIG. 1.-Plant size and mortality of newly hatched corn borer larvae on 
"resistant" and "susceptible" dent corn hybrids. 
plant became progressively more suitable to the borer larvae as it 
increased in height. In the case of the more susceptible hybrid the 
improvement as a food plant was not so apparent and was much less 
consistent. However, a tendency appeared for the mortality to decrease 
as the plant height increased. 
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PLANT HEIGHT IN INCHES I 
FIG. 2.- Weights of young corn borer larvae after feeding 144 hours on leaves 
of "resistant" and "susceptible" dent corn hybrids. 
The larvae surviving at the termination of the 144-hour period 
were weighed. The average weights attained in each series are pre-
sented in Figure 2. These data show the same trend as the data on 
larval mortality, i.e., the plants of both hybrids became more suitable 
for larval development as they increased in height. 
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Conclusion "-
The results of these experiments show that a difference existed 
between the two hybrids when the plants were young, the "resistant" 
hybrid being much less suitable for the young borers than the more 
susceptible one. It is of interest to note, however, that this difference 
tended to disappear as the plants reached a height of about eighteen 
inches; this tendency is apparent from 'both the data orl mortality and 
those on larval weights. It is also apparent that the leaves of the more 
susceptible hybrid became adequate for good larval growth at a much 
earlier stage (height) than was the case with the leaves of the resistant 
hybrid (Fig. 2) . The data presented are too limited in extent to permit 
drawing definite conclusion,s, but the working hypothesis mjght be 
advanced that the unsuitability of the so-called resistant hybrids and 
varieties is most pronounced and effective during the early stages of 
growth of the plants. It would appear that the factor or factors respon-
sible for the resistance disappear or become less effectiv~ as the plants 
•i grow. 
2. PLANT ACIDITY AND SUSCEPTIBILITY 
In an effort to explain differences in susceptibility of different 
varieties and strains of corn to attacks by borer larvae, Baugh (1) 
measured the total acidity of the various plant parts of several varieties 
and reported a correlation between titratable acidity and borer infesta-
tion. He presented data showing that a high acid content of the plant 
was accompanied by a low infestation. Sayre (9) was not able to confirm 
these results. Work conducted in this laboratory in previous years 
also has failed to confirm Baugh's findings. 
In view of the fact that all of the above work was carried out on 
mature or nearly mature plants, this series of experiments was designed 
to determine whether or not differences in susceptibility might b~ 
explained on the basis of differences in total acidity displayed by plants 
less than two feet in height. These experiments were run at the same 
time and with the same plant material as in the plant size study 
described in the previous section. 
Method 
For the acid determinations, the sap was expressed from the plant 
tissues not used for feeding by means of a hydraulic press. Ten milli-
liters of this expressed juice were titrated with dilute (.041 N) sodium 
hydroxide from the original pH to a pH of about 9. The pH determina-
tions and titrations were carried out with a Beckman electric pH meter. 
For the purposes of comparing the titratable acidity of the different 
samples the amount of base required to raise the pH from 6.0 to 8.0 
was read from a graph of the titration curve obtained in each case. 
Results 
Comparisons of the pH of juice expressed from the various leaf 
samples of the two hybrids tested (Table 1) show no differences in pH 
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that might explain the differences in larval survival. The titratable 
acidity of the leaves of the two hybrids (Fig. 3) declined as the plants 
increased in size. 
Conclusion 
It has been shown in the preceding section that larval mortality 
decreased as the plants increased in size. This decrease in mortality was 
accompanied by a decrease in totai acidity (Table 1 and Fig. 3). If the 
decrease in mortality was due to the de~rease in acidity, it seems logical 
TABLE 1 
pH OF SAP EXPRESSED FROM L E AVES OF " RESISTANT" AND " S USCEPTIBLE" 
D E NT CORN HYBRIDS 
Plant Height 
(inches) 
2 . . .. ....................... . 
4 ........................... . 
6 .. . . .............. . ....... . . 
8 . ' ......................... . 
10 .. : ................... . .... . 
12 ... : ................. . ..... . 
14 ....... . .. .. ........... . 
18 .. , .... . . .. ... . .. . ..... . 
22 ............ • .............. . 
Resistant (R4 X Hy) 
5. 42 
5.75 
5. 26 
5 . 33 
6. 01 
6 .08 
5 .48 
5 .92 
5 .95 
pH 
Susceptible (WF9 X 187) 
5 .58 
5 .00 
5 .44 
5 .65 
5 .70 
5 .39 
5 .90 
5 .55 
5. 99 
"' that the differences between larval mortality on leaves of a "resistant" 
hybrid and that of those on leaves of a "susceptible" hybrid would 
be accompanied by corresponding differences in plant acidity. The leaf 
data (Fig. 3) show no consistent differences between the acidity of 
the two hybrids. The differences in mortality and development encoun-
tered, as shown in the preceding section, show no correlation with either 
the pH or the titratable acidity of expressed plant saps, as they were 
measured in these experiments. 
1 
3. CYANOGENESIS AN D SUSCEPTIBILITY . 
Sorghum, ·although closely related to corn, shows a marked resist-
ance to attack by the European corn borer. Since sorghum ·is known to 
be cyanogenetic to a much greater degree than corn, a series of experi-
ments was run to determine whether or not the difference'l in suscepti-
bility to the corn borer could be exolained on this b'asis. · The HCN 
content of the leaves was determined by the colorimetr-ic method used 
by Boyd et al. (3). The determinations were made on a photoelectric 
colorimeter, and are expressed as parts per million (p.p.m.) of oven 
dried leaves. Young corn b orer larvae were reared -on he 'parts of the 
leaf samples not utilized for the cyanide determ1hatienS.I " "' · ' ' 
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Fm. 3.-Total acidity of expressed leaf sap of two dent corn hybrids. 
Results and Conclusions 
The results of the cyanide experiments on sorghum (Fig. 4) indi-
cate that the cyanogenetic properties of sweet sorghum are responsible, 
at least in part, for the high insect resistance displayed by this plant as 
compared to corn. In view of the correlation between larval mortality 
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FrG. 4.-Mortality of young corn borer larvae reared on sorghum leaves of vary-
ing HCN contents. 
and cyanide content found in sweet sorghum, a series of experiments 
was conducted in which· corn leaves were used for feeding the larvae 
and for cyanide determinations by the same method. The data obtained 
from the experiments on corn (Table 2) disclose no correlation between 
larval mortality and the cyanide level found in the leaves. -
EUROPEAN CORN BORER 
T ABLE 2 
M O RTALITY OF FIRST AND SECOND !NSTAR CORN BORE R LARVAE ON L E AVES OF 
FIELD C ORN OF DIFFER E NT CYANIDE C ONTENTS 
257 
No. of Larvae Used HCN M ortality in 72 Hrs. 
16 . . . ....... . .......... . ..... . 
6 ..... . ................... . . . 
33 . . . ... . ... . ... . ......... . .. . 
49 . . ... . ... . ............... . . . 
9 ... . ................ . ..... . . 
10 ........ . . . . . ...... . . . ..... . 
20 .................... . ...... . 
16 .. . ..... .. . . . . ............. . 
16 ... . ....................... . 
( p.p.m.) 
19 
16 
13 
12 
11 
10 
9 
8 
4 
( percentage) 
37 .5 
87.5 
63 .6 
55. 1 
71. 5 
70 .0 
20 .0 
68 .7 
68 .7 
In the light of the data on sorghum, which show that a level of 
500 p.p.m. or higher can be tolerated by some of the larvae, it is 
hardly to be expected that the extremely low cyanide levels encountered 
in corn can be interpreted as being an important resistance factor. 
4. CARBOHYDRATE DEFICIENCY AND SUSCEPTIBILITY 
The possibility that the high mortality, encountered when newly-
hatched larvae were fed on leaves of corn plants with a vertical height 
of six inches or less, might be the result of a low carbohydrate content 
of these plants was considered worth investigating. The sugar supply 
has been shown to be the limiting factor for a number of insects. 
Comes (4) attributed the decline of resistance of several plants to 
increasing sugar and decreasing organic acid levels during the course 
of their development. Emery (5) found that alfalfa plants resistant to 
attacks of the pea aphid were low in sugars. Metzger et al. (7) reported 
that sugar content is an important factor in determining whether or 
not a particular plant will be susceptible or resistant to the attack of 
the Japanese beetle. Bottger (2) found in the case of the European 
corn borer, the larvae reacted much more favorably to a food plant 
high in sugar than to one low in such substances. It seemed logical, 
TABLE 3 
L ARVAL SuRVTVAL AND G R OW T H O N F ouR-lNCH CoRN P L ANTS S u PPLEMENT ED WITH 
GLUCOSE S OLUTI ONS 
Mortality 
Glucose Av. W eight 
N o. Larvae Used Solution U sed 72 Hrs. 144 Hrs. a t 144 Hrs. 
( percentage) ( percentage) ( percentage) (mgm) 
16 . ... . . . ............ o.o 81 .2 100.0 . . . . . . . . . . . . .. 
16 . .. ... . . .. ....... . . 1.0 75 .0 100.0 .. . ....... . . . . 
16 . . . . .. . ........ • ... 5 .0 62 .5 87 .5 0 .1 
16 . . . . ..• . ... . .... . .. 10 .0 56 .2 75.0 0 .5 
16 .. . . . .............. 25 .0 25 .0 62.5 0 .7 
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TABLE 4 
LARVAL SURVIVAL AND GROWTH ON SIX-INCH CORN PLANTS SUPPLEMENTED WITH 
GLUCOSE SOLUTIONS 
No. Larvae Used 
16 . . ................ . 
16 .... ..... .... ..... . 
16 ................ . . . 
16 ....... . .... .... . . . 
Mortality 
Sol~:~~0~sed -n Hrs.--1:--1~4-H-;s:--
( percentage) 
0 .0 
5 .0 
10 .0 
20 .0 
( percentage) 
68 .7 
87 .5 
87 .5 
50 .0 
( percentage ) 
93 .7 
93 .7 
87. 5 
56 . 2 
Av. Weight 
at 144 Hrs. 
(mgm) 
0 . 4 
0.2 
0 . 4 
0 .8 
therefore, to see whether or not the mortality on very small plants 
could be reduced by supplementing the plants with sugars. 
Small plants of the two hybrids were brought into the laboratory 
where the stems were cut and the cut ends immersed in a sugar solution 
for about twenty-four hours. The leaves of the treated plants were then 
used for feeding newly-hatched larvae. 
Results 
The results of this work (Tables 3, 4, and 5) show that supplement-
ing the plants with either glucose or sucrose resulted in a marked 
increase in both larval survival and larval growth, as reflected by the 
weights of the surviving larvae at the end of the experimental period. 
Conclusion 
Although final conclusions are not being drawn from these 
experiments, the results are interpreted as indicating that young corn 
borer larvae have a higher sugar requirement than is met by corn 
plants up to six inches in height. 
SUMMARY 
1. When fed on leaves of the "resistant" dent corn hybrid (R4 x 
Hy) , the ip.ortality of newly-hatched European corn borer larvae was 
higher and the development was slower than in the case of larvae fed 
TABLE 5 
LARVAL S URVIVAL AND GROWTH ON SIX-INCH CORN PLANTS SUPPLEMENT ED WITH 
SUCROSE SOLUTIONS 
-
Mortality 
Sucrose I Av. Weight No. Larvae Used Solution Used 72 Hrs. 144 Hrs. at 144 Hrs. 
----------
( percentage) ( percentage) ( percentage) (mgm) 
l6 ... . ..... . • .... . ... o.o 68 .7 87 . 5 0 .6 
16 ... . ............... 5 .0 75 .0 93 .7 0 . 2 
16 . .. . . ............ . . 10 .0 50 .0 62 .5 0.6 
16 . . ... . . .... . . . .. ... 20 .0 50 .0 I 62 . 5 1. 3 
-
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on leaves of the "susceptible" hybrid (WF9 x 187) . The differences in 
larval survival and development were great on young plants, but 
became less evident as the plants developed. 
2. The observed differences in larval mortality and growth on the 
two hybrids apparently cannot be explained on the basis of differences 
in the acidity of the plants, measured either as pH or as total (titratable) 
acidity. However, the total acidity of the young corn plants tested tended 
to decrease as they grew larger. 
3. The cyanogenetic property of sweet sorghum appears to be -an 
important factor in the resistance of that plant to attacks by young 
corn borer larvae, since a direct correlation was found between larval 
mortality and the amount of HCN generated by the sorghum host 
plants. The corn hybrids were cyanogenetic to a much smaller degree, 
and no such correlation was detected in them. 
4. The sugar content of very young corn plants appears to be 
inadequate to meet the nutritional requirements of newly-hatched borer 
larvae. Both the survival and growth of young larvae fed on them were 
greatly improved by supplementing the plants with either glucose or 
sucrose. 
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The population of parasitic fungi in any area is not static but changes 
'continually: by the introduction of new hosts and also of new fungi as 
the agriculture of the area changes. Hence, lists supplemental to those 
already published (22, 23) are needed to record these changes. The 
present list (third in this series) brings together forty-four new fungi for 
the state, and eighteen fungi on hosts hitherto unreported in these lists. 
Of new hosts, forty-seven occur. 
Examination of the species of parasites and hosts, if they are com-
pared with the previous lists, suggests two significant facts in the study 
of such populations. The predominance of grass hosts, 51 of 107 possi-
bilities, was p,rimarily effected by the growing of a grass garden in connec-
tion with the Botany Department at Ames. Concentrating a large number 
of species of plants from one family into a small area favored the outbreak 
of an epiphytotic of Claviceps purpurea. The other fact was the reporting 
of seven fungi on soybean, an instance of the introduction of a new crop 
gradually beco~ing attacked by an increasing number of parasites as the 
time of exposure and the population both increased. 
This list brings the total number of parasitic fungi reported for the 
state to 1013 and the number of hosts to 1082. As in previous lists the 
figure in parentheses after the fungus name refers to a citation in which 
the fungus is described, after the host name to a record of the occurrence 
of the fungus on that host in Iowa. The species of fungi not hitherto listed 
are indicated by the asterisk preceding them in the list. 
The assistance of Dr. G. W. Martin of the State University, Mrs. Lois 
H. Tiffany and Miss Frances Meehan, as well as various other members 
of the Department of Botany is gratefully acknowledged. 
~Journal Paper No. Jl639 of the Iowa Agricultural Experiment Station, Ames, 
Iowa, Project No. 450. 
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INDEX TO FUNGI 
1. * Aphanomyces cochlioides Drechsl. (15) 
On Beta vulgaris L. (11) 
2. * Botryosphaeria ribis G. and D. (26) 
On Rhus glabra L. (9) 
On Rhus typhina Torn. (9) 
3. * Calonectria rubescens (Robs.) Sacc. (42) 
On samaras of Ulmus sp. 
On capsules of Populus sp. 
Story Co. : Brooks, 1942. 
4. * Cephalosporium gregatum Allington & Chamberlain (2) 
On Glycine max Merr. (2) 
5. Cercospora clavata (Gerard) Pk. (16) 
On Asclepias speciosa Torr. 
Dewey H 8, Ruthven: Hayden, 1944. 
6. * Cercospora cruciferarum Ell. & Ev. (17) 
On Sisymbrium officinale (L.) Scop. 
Soper's Mill: Gilman, 1941. 
7. * Cercospora muhlenbergiae Atk. (6) 
On Muhlenbergia mexicana (L.) Trin. 
Belmond: Koepper, 1941. 
8. * Cercospora seminalis Ell. & Ev. (18) 
On Buchloe dactyloides (Nutt.) Engelm. 
Herbaceous garden, Ames: Meehan, 1944. 
9. * Chalara quercina Henry (28) 
On Quercus alba L. (14) 
On Quercus ·borealis Michx. (14) 
On Quercus ellipsoidalis E. J. Hill (14) 
On Quercus imbricaria Michx. (14) 
On Quercus macrocarpa Michx. (14) 
On Quercus marilandica Muench. (14) 
On Quercus muhlenbergii Engelm. (14) 
On Quercus palustris Muench. (14) 
On Quercus velutina Lam. (14) 
10. * Choanephora cucurbitarum (B. & R.) Thax. (51) 
11. 
?.9ffl I 
On Cucurbita moschata Ducheme (Summer squash) 
Ames: Gilman, 1943. 
Claviceps purpurea (Fr.) Tul. (5) 
On Agropyron cristatum (Schreb.) Gaertn. (44) 
Herbaceous garden, Ames: Gilman, 1943. 
On Agropyron in erme (Scribn. & Smith) Rydb. (44) 
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On Agropyron pauciflorum (Schw.) Hitchc. (44) 
On Agropyron trichophorum (Link) Richt. (44) 
On Agrostis canina L. (44) 
On Alopecuriis pratensis L. ( 44) 
On Arrhenatherum elatius (L.) Beauv. (44) 
On Arrhenatherum tuberosum Schultz ( 44) 
On Bromus commutatus Schrad. (44) 
On Bromus japonicus Thunb. (44) 
On Bromus marginatus Nees (44) 
On Bromus polyanthus Scribn. (44) 
On Bromus purgans L. (44) 
On Bromus secalinus L. (44) 
On Calamagrostis canadensis (Michx.) Beauv.2 (44) 
On Calamagrostis epigeios (L.) Roth (44) 
On Dactylis glomerata L. (44) 
Herbaceous garden, Ames: Gilman, 1943. 
On Deschampsia caespitosa (L.) Beauv. (44) 
On Elymus condensatus Presl. (44) 
On Elymus condensatus x Mosida wheat (44) 
On Elymus glaucus Buckley (44) 
On Elymus giganteus Vahl. (44) 
On Festuca arundinacea Schreb. (44) 
On Festuca elatior L. (44) 
On Festuca ovina L. (44) 
On Festuca rubra L. (44) 
On Lolium perenne L. ( 44) 
On Phalaris arundinacea L. ( 44) 
On Phalaris californica Hook. & Arn. (44) 
On Phalaris canariensis L . (44) 
On Phalaris caroliniana Walt. (44) 
On Poa arachnifera Torr. x Poa pratensis L. (44) 
On Poa compressa L. (44) 
On Stipa viridula Trin. (44) 
12. * Claviceps pusilla Ces. (5) 
On Andropogon furcatus Muhl. ( 44) 
On Andropogon hallii Hack. ( 44) 
On Andropogon scoparius Michx. (44) 
13. * Coleosporium ipomoeae Burr. (4) 
1 On lpomoea hederacea Jacq. 
Oskaloosa: Sylwester, 1944. 
On lpomoea pandurata (L.) G. W. Mey. (7) 
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' Cl.aviceps microcephal.a (Wallr.) Tul. was reported on Calamaqrostis canadensis 
by Gilman and Archer (23). Conidial m~asurements made by Tiffany ( 44) at the 
time of publication of her paper indicated that the ergot on this host is more likely 
to be Claviceps purpu.rea. 
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14. * Colletotrichum fusarioides (Ell. & Kellerm.) O'Gara (37) 
On Asclepias speciosa Torr. 
Dewey's pasture, Ruthven: Hayden, 1944. 
15. * Colletotrichum linicola Peth. & Laf. (39) 
On Linum usitatissimum L. 
Kanawha: Reddy, 1943. 
16. Cronartium ribicola Fisch. de Waldh. (4) 
On Ribes hudsonianum Richards 
Bixby Park: E. Wilson, 1942. 
17. Darluca filum (Biv.) Cast. ( 41) 
On Puccinia graminis Pers. on Dactylis glomerata L. 
Ames: Taylor, 1947. 
18. * Diapor.the phaseolarum var. batatatis ( 46) 
On Glycine max Merr. (49) 
Ames: Welch, 1947. 
19. * Diaporthe phaseolarum var. sojae Lehm. (46) 
On Glycine max Merr. (49) 
Ames: Welch, 1947. 
20. * Diderma effusum var. reticulatum (Rost.) Macbride (33) 
On Fragaria sp. (cult. strawberry) 
Cedar Rapids: Kent, 1943. 
21. * Diplodia asclepiadea C. & E. (40) 
On Asclepias verticillata L. 
Ledges State Park: Brooks, 1942. 
22. Frommea obtusa (Str.) Arth. (Phragmidium obtusum) (4) 
On Potentilla simplex Michx. (P. canadensis auth.) 
Lansing: Dolan and Barthell, 1945. 
23. * Gloeosporium betularum E. & M. (20) 
On Betula nigra L. 
MacGregor: Kent, 1934. 
24. * Gloeosporium sphaerella Sacc. (40) 
On Hoya carnosa R. Br. (wax plant) 
Eldora: Waldee, 1943. 
25. Gloeosporium trifolii Pk. (38) 
On Melilotus sp. 
Ames: Davy, 1942. 
26. * Glomerella glycines Lehm. and Wolf (30) 
On Glycine max Merr. 
Ames: Tiffany, 1948. 
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27. * Helminthosporium victoriae Meeh~n & Murphy (35) 
On Avena sativa L. (35) 
28. * Herpobasidium deformans Gould (24) (Glomerularia corni Pk.) 
On Lonicera tatarica L . 
Ames: Gould, 1941. 
29. * Leptosprhaeria avenaria Weber (45) 
On Avena sativa L. (36) 
30. * Linospora gleditsiae (Lev.) Miller and Wolf (32) 
On Gleditsia tricanthos L. 
Iowa City: G. W. Martin, 1942. 
31. Marssonina brunnea (Ell. & Ev.) Sacc. (19) 
On Populus tremuloides Michx. 
Shelb~: Gilman and Cohen, 1948. 
32. Melampsora abietis-canadensis (Farl.) Ludw. (4) 
On Populus grandidentata Michx. 
North Liberty: G. W. Martin, 1941. 
33. * Mycosphaerella citrullina (Sm.) Gros. (25) 
On Cucumis melo L. 
Des Moines: Knuths, 1939. 
34. * Nectria ipomoeae Halst. (42). 
On Ipomoea batatis Poir 
Conesville: Hooker, 1948. 
35. * Ophiobolus fulgidus (C. & P .) Sacc. (40) 
On Ambrosia trifida L. 
Crystal Lake: Wadley, 1942. 
36. * Peronospora manshurica (Nawn.) Syd. (21) 
On Glycine max Merr. ( 48) 
37. * Phomopsis strobi Syd. (40) 
On Pinus strobus L. 
Ames: Young, 1942. 
38. Phragmidium speciosum Cke. ( 4) 
On Rosa rugosa Thunb. 
Ruthven: Hayden, 1943. 
39. * Pseudomonas tabaci (Wolf and Foster) Stev. (8) 
On Glycine max Merr. (1) 
40. * Pseudoperonospora humuli Miyabe and Takah. (4) 
On Humulus lupulus L. 
Ames: Sylwester, 1944. 
I 
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41. Puccinia angustata Arth. ( 4) 
On Pycnanthemum pilosum Nutt. (7) 
42. Puccinia coronata Cda. (4) 
On Lolium multiflorum Lam. 
Marshalltown: Vestal, 1944. 
43. Puccinia extensicola oenotherae (Mont.) Arth. (4) (Puccinia : 
peckii Kellerm.) 
On Carex lacustris Willd. 
Ruthven: Hayden, 1944. 
44. Puccinia graminis Pers. ( 4) 
On Panicum dichotomiflorum Michx. 
Iowa City: G. W. Martin, 1930. 
45. * Puccinia physostegiae P. and C. (4) 
On Physostegia virginiana (L.) Benth. (7) 
46. Puccinia vernoniae Schw. ( 4) 
On Vernonia illinoensis Gleason (7) 
47. * Puccinia windsoriae Schw. (4) 
On Triodia flava (L.) Hitchc. (7) 
48. * Pythium debaryanum Hesse (34) 
On Avena sativa L. (47) 
On Beta vulgaris L. (10) 
49. * Pythium graminicola Suhr. (34) 
On Hordeum vulgare L. (29) 
On Setaria glauca (L.) Beauv. (29) 
50. * Pythium irregulare Buisman (34) 
On Citrullus vulgaris Schrad. (53) 
51. Sclerotinia sclerotiorum (Lib.) Schroet. (S. libertiana Fckl.) (52) 
On Glycine max Merr. ( 48) 
52. * Sclerotium rolfsii Sacc. ( 43) 
On Trifolium pratense L. 
Ames: Tiffany, 1948. 
53. * Septoria acicola (Thuem.) Sacc. (40) 
On Pinus ponderosa Douglas (Cult.) 
Rockwell City: Harding, 1947. 
54. * Septoria bacilligera Wint. (50) 
On Ambrosia trifida L. 
Crystal Lake: Wadley, 1942. 
55. * Sorosporium everhartii Ell. and Gall. (15) 
On Andropon furcatus Muhl. 
Ames: Meehan, 1944. 
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56. * Sphacelotheca ischaemi (Fckl.) Clint. (12) 
On Andropon scoparius Michx. 
Conesville: Coe, 1944. 
57. * Sphaeropsis pinastri (Lev.) Sacc. (40) 
On Picea abies (L.) Karst. 
Ames: Gilman, 1945. 
58. * Stagonospora zonata J . J. Davis (13) 
On Asclepias ovaUfolia Dene. 
Clay Co.: Hayden, 1944. 
59. Urocystis agropyri (Preuss) Schroet. (12) 
On Poa pratensis L. 
Ames: Meehan, 1945. 
60. Uromyces hedysari-paniculatae (Schw.) Farl. (4) 
On Desmodium paniculatum (L.) D. C. (7) 
61. Ustilago hypodytes (Schlect.) Fr. (12) 
On Stipa viridula Trin. 
Ames: Sons, 1941. 
62. Xenosporella larvalis (Morgan) Lin,der. (31) 
On Tecoma radicans (L.) Juss. 
Waterloo: Waldee, 1943. 
HOST INDEX 
Agropyron cristatum (Schreb.) Gaertn. 
Claviceps purpurea 
Agropyron inerme (Scribn. & Sm.) 
Rydb. 
Claviceps purpurea 
Agropyron pauciftorum (Schw.) Hitchc. 
Claviceps purpurea 
Agropyron trichophorum (Link) Richt. 
Claviceps purpurea 
Agrostis canina L . 
Claviceps purpurea 
Alopecurus pratensis L. 
Claviceps purpurea 
Ambrosia trifida L. 
Ophiobolus fulgidus 
Septoria bacilligera 
Andropogon furcatus Muhl. 
Claviceps pusilla 
Sorosporium everhartii 
Andropogon hallii Hack. 
Claviceps pusilla 
Andropogon scoparius Michx. 
Claviceps pusilla 
Sphacelotheca ischaemi 
Arrhenatherum elatius (L.) Beauv. 
Claviceps purpurea 
Arrhenatherum tuberosum Schultz 
Claviceps purpurea . 
Asclepias ovalifolia Dene. 
St~gonospora zonata 
Asclepias speciosa Torr. 
Cercogpora clavata 
Colletotrichum fusarioides 
Asclepias verticillata L . 
Diplodia asclepiadis 
Avena sativa L. 
Helminthosporium victoriae 
Leptosphaeria avenaria 
Pythium debaryanum 
Beta vulgaris L. 
Aphanomyces cochlioides 
Pythium debaryanum 
Betula nigra L. 
Gloeosporium betularum 
Bromus commutatus Schrad. 
Claviceps purpurea 
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Bromus japonicus Thunb. 
Claviceps purpurea 
Bromus marginatus Nees 
Claviceps purpurea 
Bromus polyanthus Scribn. 
Claviceps purpurea 
Bromus purgans L. 
Claviceps purpurea 
Bromus secalinus L. 
Claviceps purpurea 
Buchloe dactyloides (Nutt.) Engelm. 
Cercospora seminalis 
Calamagrostis canadensis (Michx.) 
Beauv. 
Clavicepsi purpurea 
. Calamagrostis epigeios (L.) Roth. 
Claviceps purpurea 
Carex lacustris Willd. 
Puccinia extensicola var. oenothe-
rae 
Citrullus vulgaris Schrad. 
Pythium irregulare 
Cucumis melo L . 
Mycosphaerella citrullina 
Pythium irregulare 
Cucurbita moschata Dene. 
Choanephora cucurbitarum 
Dactylis glomerata L. 
Claviceps purpurea 
Deschampsia caespitosa (L.) Beauv. 
Claviceps purpurea 
Desmodium paniculatum (L.) D.C. 
Uromyces hedysari-paniculatae 
Elymus condensatus Pres!. 
Claviceps purpurea 
Elymus condensatus x Mosida wheat 
Claviceps purpurea 
Elymus giganteus Vahl. 
Claviceps purpurea 
Elymus glauca Buckley 
Claviceps purpurea 
Festuca arundinacea Schreb. 
Claviceps purpurea 
Festuca elatior L. 
Claviceps purpurea 
Festuca ovina L. 
Claviceps purpurea 
Festuca rubra L . 
Claviceps purpurea ' 
Fragaria sp. 
Diderma effusum var. reticulatum 
Gleditsia tricanthos L. 
Linospora gleditsiae 
Glycine max Merr. 
Cephalosporium gregatum 
Diaporthe phaseolarum var. bata-
tatis 
Diaporthe phaseolarum var. sojae 
Glomerella glycines 
Peronospora manshur.ica 
Pseudomonas tabacu'l]l 
Sclerotinia sclerotiorum 
Hordeum vulgare L. 
Pythium graminicola 
Hoya carnosa R. Br. 
Gloeosporium sphaerella 
Humulus lupulus L. 
Pseudoperonospora humuli 
lpownea hatatas Poir 
N ectria ipomoeae 
lpomoea hederacea Jacq. 
Coleosporium ipomoeae 
lpomoea pandurata (L.) G. W. Mey. 
Col:osporium ipomoeae 
Linum usitatissimum L . 
Colletotrichum linicola 
Lolium perenne L. 
Claviceps purpurea 
Lonicera tatarica L. 
Herpobasidium deformans 
Melilotus sp. 
Gloeosporium trifolii 
Muhlenbergia mexicana (L.) Trin. 
Cercospora muhlenbergiae 
Paniwm dichotomifiorum Michx. 
Puccinia graminis 
Phalaris arundinacea L. 
Claviceps purpurea 
Phalaris californica Hook'. & Arn. 
Claviceps purpurea 
Phalaris canariensis L. 
Claviceps purpurea 
Phalaris caroliniana Walt. 
Claviceps purpurea 
Physostegia virginiana (L.) Benth. 
Puccinia physostegiae 
Picea abies (L.) Karst. 
Sphaeropsis pinastri 
Pinus ponderosa Douglas 
Septoria acicola 
Pinus strobus L. 
Phomopsis strobi 
Poa arachnifera x Poa pratensis 
Claviceps purpurea 
Poa compressa L. 
Claviceps purpurea 
Poa pratensis L. 
Urocystis agropyri 
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Populus sp. 
Calonectria rubescens 
Populus grandidentata Michx. 
. M elampsora abietis-canadensis 
Populus tremuloides Michx. 
Marssonina brunnea 
Potentilla simplex Michx. 
Frommea obtusa 
Puccinia graminis Pers. 
Darluca filum 
Pycnanthemum pilosum Nutt. 
Puccinia angustata 
Quercus alba L. 
Chalara quercina 
Quercus borealis Michx. 
Chalara quercina 
Quercus ellipsoidalis E. J. Hill 
Chalara quercina 
Quercus imbricaria Michx. 
Chalara quercina 
Quercus macrocarpa Michx. 
Chalara quercina 
Quercus marilandica Muench. 
Chalara quercina 
Quercus muhlenbergii Engelm. 
Chalara quercina 
Quercus palustris Muench. 
Chalara quer,cina 
Quercus velutina Lam. 
Chalara quercina 
Rhus glabra L. 
Botryosphaeria ribis 
Rhus typhina L. 
Botryosphaeria ribis 
Ribes hudsonianum Richards 
Cronartium ribico.la 
Rosa rugosa Thunb. 
Phragmidium speciosum 
Setaria glauca (L.) Beauv. 
Pythium graminicola 
Sisymbrium officinale (L.) Scop. 
Cerospora cruciferarum 
Stipa viridula Trin. 
Claviceps purpurea 
Ustilago hypodytes 
Tecoma radicans (L.) Juss. 
Xenosporella larvalis 
Trifolium pratense L. 
Sderotium rolfsii 
Triodia ftava (L.) Hitchc. 
Puccinia windsoriae 
Ulmus sp. 
Calonectria rubescens 
Vernonia illinoensis Gleason 
Puccinia vernoniae 
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• 
The unique property of the bivalent cobalt derivative of disalicy-
lalethylenediimine of reversibly absorbing and releasing oxygen has 
been studied by Diehl and co-workers (1). The quantity of oxygen 
absorbed by this material and compounds related to it corresponds to 
one molecule of oxygen per two cobalt atoms. The maroon-colored, 
deoxygenated compound is paramagnetic having a susceptibility cor-
responding to one unpaired electron. On absorbing oxygen, which is 
also paramagnetic but with two unpaired electrons, the material 
becomes black and diamagnetic. The process of oxygenation and deoxy-
genation is completely reversible, being induced 
1
by only mild changes 
in temperature or oxygen pressure. The heat of reaction is of the 
order of 20,000 calories per mole. 
It is evident that the oxygen molecule must be attached in t4e 
oxygenated compound to each of two cobalt atoms. It becomes of 
interest to learn if this is a result of a fortuitous disposition of the 
cobalt atoms in the crystal lattice or if perhaps the compound is not 
binuclear in character, with the orientation of the cobalt atoms arranged 
by the existence in the molecule of a bridging group which occupies 
at once a coordination position of each of two cobalt atoms. The quad-
ridentate, chelating, organic molecule occupies four coordination posi-
tions about the cobalt atom, the bridging group could occupy the fifth 
position common to two cobalt atoms, and the two sixth positions 
would then be open for the oxygen molecule to slip in forming a second, 
peroxo bridging group. 
- From an electronic composition standpoint such a view is sound. 
Thus, to the twenty-five electrons of bivalent cobalt are added eight 
electrons by the four non-ionic bonds with the organic group, and 
two by the bridging molecule. The· odd electron of the total of 35, a 4p6 , 
is left unpaired. The addition of the oxygen molecule brings in one 
unpaired electron for each cobalt atom, filling out the 4p6 shell and 
completing the krypton structure of 36 electrons. 
The hydroxyl group, a common bridging group in binuclear cobalt 
chemistry, is ruled out for only two hydrogen ions are liberated in 
the formation of the compound as would be expected. Water seems 
to be the only other bridging group possible although such water 
bridges have not been reported (2). Some qualitative evidence exists 
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for the presence of this water. In anhydrous ethanol, the oxygen-carrier 
is not formed but inactive orange and green compounds are produced 
which pass over to the maroon oxygen-carrier on treatment with 
water. Indeed the orange body can be observed momentarily as a 
short-lived precursor to the oxygen-carrier in water during its forma-
tion in water. 
This bridging water molecule, however, is tightly bound in the 
compound, for the oxygen-carrier may be heated to 180° without 
loss in weight; around 190° salicylaldehyde begins to distil from the 
material. Direct analysis of the material fails to yield positive proof. 
The material is insoluble in all solveI\ts but pyridine and chloroform 
from which it yields inactive products with solvent of crystallization. 
The compound must be analyzed as first prepared without recrystalli-
zation and unfortunately there is enough variation from batch to batch 
to cast just sufficient uncertainty on even the most accurately performed 
analyses to render questionable a factor of 9 (half a water per cobalt) 
in a molecular weight of 325. Nor can the molecular weight of the 
compound be determined cryoscopically. Using the only two solvents 
available the boiling points are depressed rather than elevated, probably 
because of the expulsion of water from the molecule by the prefer-
entially coordinated solvent. Nor is the freezing point method more 
successful. Stable freezing temperatures are not found , again probably 
because of the expulsion of water. 
The fact that pyridine expels the water from the molecule finally 
suggested an elegant direct proof of the presence of the water_: 
namely, distillation of the water from the compound with pyridine and 
titration of the collected water with the Karl Fischer reagent. 
A variation on this method of attack proved less successful: that 
is, the direct titration of the water in a pyridine solution of the com-
pound with the Karl Fischer reagent employing the "Dead Stop End-
point" as applied to the Karl Fischer titration by Wernimont (3) . 
Both methods were adopted and used on the parent oxygen-carry-
ing compounds, on three substituted oxygen-carriers, and on the fre.e 
Schiff's base, disalicylalethylenediimine, from which the parent com-
pound is derived. The results are summarized in Table 1. The distilla-
tion-titration procedure yielded results quite close to the calculated 
values for a half molecule of water per cobalt atom. The direct titration 
procedure gave high results. It would naturally be expected that the 
iodine in the Karl Fischer reagent would react with the double bonds in 
the compound. That such a reaction occurs is evidenced by the results 
on the Schiff's base alone. The results of this experiment are not in good 
agreement, the extent of the reaction being small and apparently depend-
ent on certain conditions which were not controlled suitably. With the 
oxygen-carrying compounds, this side reaction apparently took place to 
a lesser extent, as might be expected where the Schiff's base is attached 
firmly to the metal atom. 
The slightly negative result bn the one analysis of the Schii1t's 
base by the distillation method is explained by a slight hydrolysis of 
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the Schiff's base by the water present in the pyridine and methanol 
used (blanks) . In general the results on the oxygen-carriers are slightly 
low. A slight hydrolysis by the water of the cobalt-Schiff's base to 
give cobalt-salicylaldehyde and ethylenediamine would account for this. 
, In any case all four of the oxygen-carrying compounds investigated 
contained water in amounts corresponding to one molecule of water 
per two cobalt atoms. This is substantial evidence for a binuclear struc-
ture of these materials and hence for the more involved binuclear 
nomenclature employed in Table 1. 
EXPERIMENTAL WORK 
DISTILLATION AND TITRATION APPARATUS 
The distillation apparatus consisted of a 500 ml., 2-necked round 
bottom flask. The sample and solvent were introduced through the 
side neck, which was closed by a ground glass plug and opened only 
briefly when necessary. A distillation column about 30 cm. in length 
and 1.5 cm. in diameter, packed with glass beads, was placed on the 
center neck of the flask. This column carried a distilling head with 
thermometer and was attached to a water-cooled condenser. The 
latter was connected through an ada'pter to the center neck of a 1 liter, 
TABLE 1 
SUMMARY OF RESULTS OF THE DETE RMlNATION OF WATER IN OXYGEN-CARRYING 
COBALT COMPOUNDS 
Compound 
- - ---· ------
Bi- ( disalicy lalethylenediimi ne )-
µ-aquo-dicobalt 
(Parent Compound, Co-Ox) 
Disalicylalethy lenediimine 
(Schiff's base of parent 
compound) 
Bi- ( di-[2-bydroxy-3-methoxy-
benzal]ethylenediimine)-µ-
aquo-dicobalt (3-Methoxy 
Co-Ox) 
Bi- (di- [2-hydroxy-3-ethoxy-
benzal]ethylenediimine)-µ-
aquo-dicobalt (3-Ethoxy 
Co-Ox) 
Bi- ( di- [ 2-hydroxy-3-n-bu toxy-
benzal]e thy lenediimine )-
µ-aquo-dicobalt 
(Co-Ox SS) 
Oxygen-Carrying 
Capacity Water Content 
- ·- ·------ - - ------·--- - - ----- · 
Found by 
Direct Found by 
Theory Found Theory Titration Distillation 
Per Cent Per Cen t Per Cent Per Cent Per Cent 
·----------·- ---·---- - ·--- - -
4 .79 4 . 60 2.69 3 . 00 2 .41 
3.03 2.56 
3 . 10 2 . 59 
. 92 - . 22 
1 .80 
4 . 17 4.02 2 . 47 2 .85 2 . 28 
2 . 90 2 . 29 
2 .46 
3 .80 3 . 52 2.38 2 .84 2 . 33 
2.84 2 .42 
3 . 41 2 . 99 2 . 22 2 . 47 2 . 29 
2 . 65 2 . 48 
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3-neck round bottom flask, which served as a receiving · flask. The 
other two side necks of this flask were closed by ground glass plugs 
during the distillation. All connections in the apparatus were thus 
ground gla:ss joints. The mixture in both the distilling flask and the 
titration vessel was agitated by means of a magnetic stirrer. 
Following the distillation the titration was carried out as indicated 
in the 1 liter, 3-neck receiving flask, two Machlett dispensing burets 
being used, their tips entering the flask through the side necks through 
rubber stoppers. When the end-point was determined potentiometrically 
two platinum electrodes were / introduced through the central neck, 
the platinum being fused to glass tubes which passed through a rubber 
stopper. 
DEAD STOP END-POINT 
In certain experiments this was used. The circuit consisted of a 
1.5 v. dry cell, a 50 ohm variable rheostat functioning as a voltage 
divider, a Leeds and Northrup galvanometer with lamp and scale and 
two platinum electrodes. 
PREPARATION OF COMPOUNDS AND REAGENTS 
The compounds analyzed were various products prepared earlier 
by Diehl and co-workers (1). The material was deoxygenated at 130° 
in a vacuum. After cooling to room temperature in a vacuum, the 
sample was weighed rapidly, and quickly introduced into the reaction 
vessel. Because of the hygroscopic character of some of the materials, 
speed at this point was essential. The oxygen-carrying capacity of the 
materials used was determined on a sample similarly prepared by 
subjecting it to oxygen at 100 p.s.i. pressure. The sample was removed 
and quickly weighed. This served as a measure of the purity of the 
materials. 
Anhydrous methyl alcohol was prepared b'y distillation from 
magnesium turnings treated with a little mercuric chloride. 
Anhydrous pyridine was prepared by distillation from freshly 
broken lumps of potassium hydroxide. ' 
The Karl Fischer reagent was prepared in two liter quc:ntities accord-
ing to the directions of Smith, Bryant, and Mitchell (4) by dissolving 
169.4 g. (0.33) mole of resublimed iodine in a mixture of 538 ml. (3.3 
mole) of anhydrous pyridine and 1334 ml. of· anhydrous methanol. This 
mixture was then cooled in chopped ice and 128 g. (1 mole) of liquid 
sulfur dioxide added cautiously. This reagent was stored and delivered 
from a Machlett Buret. · 
STANDARDIZATION OF THE KARL FISHER REAGENT 
The water content of the anhydrous methanol was first determined 
by introducing into the titration vessel 10.0 ml. of anhydrous methanol 
and titrating with the Karl Fischer reagent. Then 10.0 ml. of a standard 
WATER IN COBALT COMPOUNDS 277 
water solution in the same anhydrous methanol was introduced into 
the titration flask and titrated similarly. The blank on the anhydrous 
methanol was subtracted and the strength of the Karl Fischer reagent 
calculated in grams of water per milliliter. The end-point adopted 
was a dark orange which could be distinguished from the yellow 
background of the solution only with some difficulty. The blank on 
the methanol was quite small, 1.10 ml. of Karl Fischer reagent per 
10.0 ml. of methanol. The strength of the Karl Fischer reagent was of 
the order of 3 mg. of water per ml. The reagent was standardized daily. 
Alternatively the Karl Fischer reagent was standardized potentio-
metrically. An excess of the reagent was added and back-titrated with 
a standard water in methanol solution delivered from a second dis-
pensing buret. As usual blanks were run. 
DIRECT TITRATION PROCEDURE 
A weighed sample of approximately 2 g. in powdered form was 
quickly introduced into a dry, clean 1 liter, 3-neck titration vessel 
with two dispensing burets already in place. The sample was intro-
duced through the central neck and followed immediately by 25.0 ml. 
of absolute methanol and 25.0 ml. of anhydrous pyridine. The central 
neck was then closed by the stopper carrying the platinum electrodes. 
The mixture was then agitated for an hour at room temperature by 
a magnetic stirrer. At the end of this interval the water was titrated 
electrometrically by adding an excess of Karl Fischer reagent and back-
' titrating with the water-methanol solution. 
DISTILLATION PROCEDURE 
The clean, dry distillation and receiving flasks were connected as 
described above and 100 ml. of pyridine introduced into the distilling 
flask. A volume of 75 ml. of it was distilled over as quickly as possible 
and discarded by disconnecting the receiving flask for as, short a time 
as possible. The distillation flask and contents were cooled to room 
temperature and a sample of oxygen-carrying material weighing about 
2 g. was introduced quickly followed by 25 ml. of methanol. The mixture 
was then stirred for an hour after which another 100.0 ml. of pyridine 
was introduced. Heat was then applied and the distillation carried 
out as quickly as possible, taking not more than 20 minutes. As soon 
as the distillation was finished, the receiving flask was removed and 
the stopper with the dry platinum electrodes quickly inserted into the 
center neck. The glass plugs in the two other necks were next removed 
and the receiving flask quickly slipped over the rubber stoppers on 
the tips of the two dispensing burets, thus converting the receiving 
flask into a titration flask. The titratien was then carried out using 
the dead-stop and end-point described above. Visual titrations gave the 
same results within experimental error. 
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In the first report of his epochal researches on the metallic deriva-
tives of the 1,2-dioximes, Tschugaeff (1) in 1905 noted that the dioximes 
yielded intensely colored, purple, soluble compounds with ferrous iron. 
Although nickel, platinum, palladium, cobalt and even copper gave 
well defined crystalline products, the ferrous derivatives of various 
1,2-dioximes proved recalcitrant, and in only one case, that with methyl-
ethylglyoxime and pyridine, could a product of sufficient purity be 
secured to make an analysis fruitful. The composition of this material 
corresponded to Fe (HM) 2py2 , adopting for the dioxime and pyridine 
the symbols H 2M and py. In a later paper (2) Tschugaeff returned to 
this reaction of ferrous iron and discovered that ammonia or an amine 
was · necessary for production of the purple color. With such a base 
present, color could be recognized with as little as 1 part of iron in 
10,000,000. In addition to being a sensitive qualitative test, the reaction 
was suitable for the determination of iron colorimetrically. 
During the succeeding three decades ·research on the dioximes 
was focused by the analytical chemists on dimethylglyoxime and its 
remarkably specific reaction with nickel and palladium. The inorganic 
chemists also were active. During the 1920's the extensive works of 
Thilo and of Cambi on the numerous, and complicated derivatives of 
cobalt appeared. The early thirties yielded the work of Pfeiffer which 
established the five-membered ring structure of the nickel compound 
by chemical evidence based on the earlier reorganization by Meisen-
heimer of the relations of the stereoisomers of the dioximes. During 
this period the work of Sugden on the cis-trans- isomerism observed with 
the nickel derivatives of unsymmetrical dioximes which established the 
planar structure of the nickel and palladium compounds also appeared. 
The knowledge of the structure and analytical applications of these 
materials was adequately reviewed in 1940 (3). The dimethylglyoxime-
ferrous reaction was mentioned several times during this period of 
thirty years, principally when someone made the hardly novel dis-
covery that it was easy to mistake traces of iron for nickel. The 
ferrous-dioxime reaction really needs reinvestigation, but recent work 
in the field has taken a new turn-water soluble dioximes have now 
become available. 
Aqueous, alkaline solutions of dimethylglyoxime are not stable, 
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and the numerous attempts to u&e them are ample testimony to the 
inconvenience of preparing alcohol solutions in industrial laboratories 
and to the uncertainty of contaminating precipitates by the addition of 
an excess of a water insoluble reagent. Although 1,2-cyclohexanedione-
dioxime was reported to be water soluble and very sensitive for nickel 
as early as 1924 by Wallach (4) , it is doubtful if much was ever pre-
pared before the study of its synthesis by Diehl and co-workers in 
1945 (5) . Later improvements by Hach and Diehl (6) have made the 
reagent available at moderate cost.1 1,2-Cyclohexanedionedioxime has 
been given the common name Nioxime . The uses of nioxime in the 
analytical chemistry of nickel and palladium have been investigated 
carefully by Voter, Banks, and Diehl (7, 8). The reaction of ferrous iron 
with nioxime naturally becomes of interest, and is the subject of this 
paper. 
More recently an exhaustive investigation of the possibilities of 
determining iron by the ferrous-dioxime reaction was made by Griffing 
and Mellon (9) ; four dioximes (dimethylglyoxime, diethylaminodime-
thylglyoxime, nioxime and alpha-furildioxime) were studied and a 
careful investigation made into the factors affecting the stability of the 
color and into the interfering substances. The conditions required for 
stabilizing the color (excess of hyposulfite and excess of amine) were 
so drastic that all of the common cations except the alkali metals and 
·ammonium interfere either because of precipitation or reaction. Although 
the sensitivity of the colors compared favorably with that of the ferrous-
o-phenanthroline reaction, Griffing and Mellon were left only luke-
warm toward the dioximes as colorimetric reagents for iron. 
EXPERIMENTAL WORK 
Reagents 
A 0.01 M aqueous solution of nioxime was used in the work described 
in this paper. Such solutions have been shown to not change on stand-
ing (7) . A 0.01 M solution of iron was prepared by dissolving a weighed 
quantity of pure, electrolytic iron in hydrochloric acid and qiluting to 
volume in a volumetric flask. Since this solution contained both ferrous 
and ferric iron it was necessary to use a reducing agent to insure that 
all iron was in the ferrous form. The reducing agent finally chosen was 
sodium hyposulfite (Na2S20 4 ) because of its reducing action in basic 
solutions. This is the reducing agent preferred by Griffing and Mellon 
(9). A solution was prepared by dissolving 10 g. of sodium hyposulfite 
in a mixture of 100 ml. of reagent grade ammonium hydroxide and 
50 ml. of water. Such a solution will keep for several days. In develop-
ing the color 3 ml. portions of this solution were used for samples 
containing 1 mg. or less of iron followed by dilution to 50 ml. The 
ethylenediamine was purified by distillation over calcium oxide, keep-
ing the fraction boiling at 116-117°. The hydrazine hydrate was the 
85 per cent aqueous solution obtained from Eastman Kodak Company. 
1 Available from the Hach Chemical and Oxygen Company, Ames, Iowa. 
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Reaction of Ferrous Iron and Nioxime 
Ferrous iron and nioxime solutions when mixed gave a yellow 
or brown color in concentrations of 0.01 M. Addition of sodium hydrox-
ide to such mixtures resulted in the formation of a black precipitate, 
undoubtedly ferrous hydroxide. If instead of sodium hydroxide, ammon-
ium hydroxide or an amine were used, a deep red or violet color 
was developed. The order of mixing was then, the iron solution, nioxime, 
the amine, and finally sodium hydroxide to give the necessary pH for 
complete formation of the complex. Ammonia, hydrazine, hydroxyla-
mine, ethylenediamine, benzidine, and hexamethylenetetramine pro-
duced the characteristic deep red or violet color. Certain other aliphatic 
amines did not work well owing to their insolublity in aqueous solu-
tions. Pyridine produced the red color in · dilute solutions, but on 
standing a red precipitate formed in 20-30 minutes. 
The sensitivity of the ferrous-nioxime reaction is about the same 
as that of dimethylglyoxime. One part of iron in 18,000,000 being the lower 
limit for the ferrous-nioxime-ethylenediamine complex. The sensitivity 
is not sensibly different with ammonia or the other amines. 
Spectral Distribution and Effect of pH 
Spectral distribution curves for the ferrous-nioxime complexes with 
ammonia, hydrazine, and ethylenediamine were secured at an iron 
concentration of 2 x 10-4 (Fig. 1). 
Square cells having a 1.000 cm. optical ·path were used in a Beck-
man model DU spectrophotometer for all of the measurements. A 5mµ 
spectral band width was used, and readings were taken every 10 mµ 
except at points of minimum transmittancy where 5 mµ intervals were 
employed. The ammonia complex was prepared by adding 2 ml. of 
0.01 M nioxime to 1 ml. of 0.01 M iron solution. To this was then 
added 3 ml. of the ammonia-hyposulfite solution, and after fifteen 
minutes the solution was diluted to 50 ml. The cells were rinsed twice 
with small portions of this solution, and then filled with the s:ilution. 
The complexes with the other amines were prepared by adding an 
excess of solid sodium hyposulfite to 1 ml. of 0.01 M iron. This was 
followed by an excess of nioxime and 1 ml. of hydrazine hydrate or 
ethylenediamine. Sodium hydroxide was added to obtain the desired 
'pH, and the solution was diluted to 50 ml. 
Each of the complexes was also measured at 540 mµ with a spectral 
band width of 5 mµ for iron concentrations from 1 x 10-5 to 20 x 10-5. 
Conformity to Beer's law was indicated by the straight lines obtained 
when log I/Io values were plotted against concentration. Molecular 
extinction coefficients were calculated, and found for ferrous-nioxime 
ammonia, 6988, for ferrous-nioxime hydrazine, 8639, and for ferrous-
nioxime ethylenediamine, 6490. These results are shown graphically 
in Figure 2. 
Quite early in the course of these investigations it became apparent 
that pH played an important role in the development of the character-
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istic red or purple color. The addition of an excess of acid to one of 
the colored materials resulted in a change from the red or purple to 
a yellow. The effect of changing pH was studied by first forming the 
violet complex of ferrous-nioxime-ethylenediamine, and then adding 
hydrochloric acid dropwise. The pH was determined with a pH meter, 
and a sample was measured for transmittancy at 540 mµ. From Figure 
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FIG. 1.-Transmittancy of ferrous-nioxime-amine complexes. 
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3 it is quite evident that the color is not fully developed below a pH 
of 9.5. 
Composition of Compound 
The ratio. of ferrous iron to nioxime was studied according to the 
method of continuous variations. Job (10) proposed this method in 
the study of ammonia complexes, and Vosburgh and Cooper (11) further 
expanded the application of this method to more complex systems. A 
series of solutions was made up in which the molar concentration of 
nioxirr_e was varied from 0 to 2 x 10-4 M. In each solution of the series 
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the total molar concentration of ferrous iron plus nioxime was kept 
fixed at 2 x 10-4 M. These solutions were made up using the ammonia-
hyposulfite solution. Readings of I/ Io were taken at 540 mµ and log I/ Io 
was plotted against mole fraction of nioxime. The points corresponding 
to 0 and 1 mole fraction nioxime were connected by a straight line, 
and the variance of each of the other solutions from this line measured. 
This variance was then plotted against the mole fraction of nioxime 
(Fig. 4). The results of three experiments are presented together with 
the composite average of the experiments. The mole fraction corres-
d 
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FIG. 2.-Logarithm of transmittancy as a function of concentration of ferrous-
nioxime-amine complexes. 
ponding to the point of intersection was then determined, and this 
value used in the equation 
x 
n = ---. 
l - x 
The value of x from the graph was 0.67 which gave a value of 2.03 for 
n. This n is the number of molecules of nioxim~ associated with one 
ir~n according to the equation 
Fe•• + n Nioxime = Fe (Nioxime) n ++ • 
The ratio of ferrous iron to ammonia was studied ' in a similar, 
manner. As before the total concentration of the variables was kept 
fixed at 2 x 10-4 M while keeping an excess of nioxime: present. The 
results in this case were not as striking as in the study of the iron 
to nioxime ratio. The colors were weak, and precipifutes formed in 
a short time. From the few readings obtained the numli>~r of ammonia 
molecules per iron was greater than one, but no defurlte ratio could 
be established. .'..,-
The nature of the charge on the complex was of interest since it 
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would possibly shed some light on the problem of structure. A cell 
was constructed to study the migration of the colored complexes while 
under the effect of a direct electrical current. This cell consisted of a 
central chamber with two agar filled U tubes leading from it. The 
outer arms of these U tubes contained 1 M potassium chloride. Platinum 
electrodes were immersed in these solutions, and a direct current of 
10 milliamperes applied. Under the influence of this current the 
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FIG. 3.-Stability as a function of pH. 
complexes with ammonia and ethylenediamine were observed to move 
from the central chamber down into the U tube carrying the anode. 
Upon reversal of the current the purple color moved in the opposite 
direction. This evidence indicates that these ferrous-nioxime complexes 
behave as anions. 
Oxidation-Reduction Indicator 
Charlot (12) found that the ferrous-dimethylglyoxime complex 
functioned as an oxidation-reduction indicator in basic solutions, passing 
reversibly frotn red to yellow on oxidation. Thus, in the titration of 
hyposulfi.te with potassium ferricyanide the ferrous-dimethylglyoxime-
ammonia complex is quite a satisfactory indicator. The ferrous-nioxime 
complex was found to have this same property. The complex with hydra-
zine was not satisfactory, owing probably to oxidation of the hydrazine 
by the ferricyanide. On the other hand, the complexes with ammonia 
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and ethylenediamine functioned very well, passing from red or purple 
to yellow when an excess of the oxidizing agent was added. The color 
change is quite sharp, as little as one-half drop of 0.1 M ferricyanide 
being sufficient to cause the color change at the equivalence point. 
Good warning of approach to the end point was observed, the ferricy-
anide apparently oxidizing the indicator followed by a slower reduction 
of the indicator by the small excess of hyposulfite present. Preliminary 
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FIG. 4.-Application of method of continuous variations to the ferrous-nioxime-
ammonia reaction. 
estimates of the standard reduction potential of these couples show 
them to be surprisingly low, in the neighborhood of -0.65 v. 
Reversible Oxygenation and Deoxygenation 
When exposed to air overnight the ammonia complex underwent 
a decided change in color. From the intense red noted upon first mixing 
the reagents the color changed slowly to a yellow. The same change in 
color was noted with the hydrazine and ethylenediamine complexes, 
although not at such a rapid rate as was found in the case of the 
ammonia complex. When kept tightly covered no such color change 
was noted. When kept in covered cuvettes the transmittancy did not 
change noticeably in three hours indicating sufficient stability for 
most spectrophotometric work. By passing oxygen broken up into fine 
bubbles through a solution of the ethylenediamine complex it was 
286 J. MATHEWS, JR. AND H. DIEHL 
possible to effect the change from red to yellow in a matter of five to 
ten minutes. The ammonia complex changed even quicker, and the 
change was shown for the hydrazine and hexamethylenetetramine com-
plexes also. In the case of the ethylenediamine complex this color 
change could be reversed by passing nitrogen previously purified by 
bubbling through alkaline pyrogallol through the yellow solution. The 
purple color was restored although not so strong as it had been before 
the conversion to the yellow form. Nitrogen straight from the tank 
was without effect in restoring the purple color, probably owing to a 
small content of oxygen. An attempt was made to pump the oxygen 
from the solution, but at a pressure of 15-20 mm. no restoration of 
color was observed. 
DISCUSSION 
The work described above shows that the ferrous-nioxime com-
plexes consist of one atom of iron holding two molecules of nioxime, 
and that ammonia or amine is also involved. Feigl and Suter (13) have 
shown recently that the yellow palladium compound of dimethylgly-
oxime is soluble in alkali, and have isolated a sodium-palladium-dimethyl-
glyoxime compound in which the dimethylglyoxime functions as a 
dibasic acid. It is apparent from the migration experiment that in the 
ferrous-nioxime complex the dioxime is also functioning as a dibasic 
acid. The situation is somewhat different, however, for the coordination 
number of iron is six and two amine molecules are needed to complete 
the structure. 
The high pH required for color formation indicates that the ammonia 
molecules are not very tightly bound in the complex. The loss of red 
color in acidic or weakly basic solution points to the relative ease of 
removal of these coordinated molecules. The same change in color 
occurs when oxygen is passed through the solution. It is probable that 
the ammonia or amine linkages are ruptured and replaced by coordinate 
linkages to oxygen. This compound also exhibits slight instability shown 
by the gradual restoration of the purple color when the slight partial 
pressure of oxygen in the usual state is lowered by sweeping with pure 
nitrogen. This sensitivity toward oxygen has been noted previously (14, 
15), and various conditions proposed for securing the stability desired 
for such colored systems. It is believed however that this is the first 
time that the reaction with oxygen has been shown to be reversible. 
This is rather remarkable in view of the fact that no simple, water 
soluble iron compounds have been shown previously to have this ability 
to reversibly add and lose oxygen. 
The ability of these compounds to function as oxidation-reduction 
indicators is of interest since a basic solution is required. Willard and 
Manalo (16) have studied a group of these oxidation-reduction indi-
cators for reactions in basic solution, and these iron-nioxime complexes 
may prove valuable additions to this field. 
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AN IMPROVED HIGH FREQUENCY CONDUCTIMETRIC 
TITRATION APPARATUS 
RoBERT J. BEVER, CARL E. CROUTHAMEL AND HARVEY DIEHL 
Department of Chemistry, Iowa State College 
. Received April 22, 1949 
The use of conductance measurements with alternating current 
of high frequency to follow change in the composition of solutions has 
been investigated by Blake (1, 2) and by Jensen and Parrack (3). 
The apparatus described by these workers is based on the principle 
of loading the tank circuit of an oscillator by changing the dielectric 
of the condensers or the inductance of the coil by change in the com-
position of a solution placed within them. 
In the apparatus presented in this paper the oscillator, cell, and 
measuring device are completely independent units. Any stable high 
frequency oscillator of a few watts output can be readily adapted to 
the rest of the circuit so that commercially available oscillators, with 
their inherently high stability, can be used. The oscillator and metering 
circuit are thus isolated from the titration cell and are not subjected 
to fumes, humidity, and occasional accidents with solutions. Operation 
is particularly convenient ~d the sensitivity can be varied. to fit the 
demands of the problem. 
ELECTRlCAL CIRCUIT 
The electrical circuit (Fig. 1) consists of an oscillator, a reaction 
cell, a transmitter type inductance coil, a detector and bucking voltage 
unit, and a vacuum tube voltmeter. The oscillator, an RC.A. Master 
Oscillator (MI-19427), and the tube voltmeter, an Advanced Voltohymst, 
are standard commercial instruments. The other units were assembled 
in the laboratory. . 
The reaction cell, the transmitter coil and the coaxial connecting 
cables make up the resonant circuit. A 6006 .tube and its cathode circuit 
make up the detector and the bucking voltage unit. Inductances L 1 and 
L2 are to prevent the r.f. from circulating in the filament transformer. 
Copdenser Ca is used to keep the r.f. from the batteries by offering a 
low impedance path to ground. R1, R2, anQ. R~ in the cathode circuit 
are used to control the cathode current through the tube and R2 also 
furnished the d.c. voltage for the vacuum tube voltmeter. The high 
voltage across the transmitter coil requires 400 volts from a battery 
source to satisfactorily buck the rectified oscillator voltage. Two 300 
volt Mini-Mak batteries No. 493 can be used successfully as the current 
drawn is very slight. 
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The resonant circuit shown in Figure 1 consists of two main com-
ponents, the inductance coil (L3 and L 4 ) and the cell. The inductance 
coil was mounted on' a ceramic form 10 cm. in diameter with 36 turns, 
space wound, of No. 13 B. and S. silver plated wire. The length of the 
winding was 15 cm. It is necessary to have one variable tap for the 
oscillator input in order to tune the coil to the resonance peaks. The 
size of the wire and the dimensions of the coil are secondary factors 
and can be varied over a moderately wide range. 
The cell (Fig. 2) is 5.5 cm. in diameter, holding about 100 to 
200 ml. of solution in the working range. A 60/ 50 standard taper joint 
was used in the construction of the cell. An inlet for the buret which 
2 - 20 m c 
01cillotor 
F:G. !.- Electric circuit of high frequency conductimetric titration apparatus. 
R, 100,000 ohms Ro 2 megohm variable 
R2 10 megohms C, 0.001 µµf 
also served as a gas outlet and a stopcock for a gas inlet were provided 
in the top of the cell. A shielded coaxial cable enclosed in a glass tube 
extended into the cell and was fused to a platinum wire. The platinum 
wire was sealed into the tip of the tube and about one centimeter came 
into direct contact with the solution. A grounded copper shield on 
the outside of the cell completed the conducting path of the high-
frequency current through the solution. The solution was stirred by 
means of a magnetic stirrer. It was important that the tip of the platinum 
wire be at least 4.5 cm. above the rotating magnet to prevent inter-
ference in the detecting circuit. 
The electrical equivalent of the cell and transmitter coil is shown 
in Figure 3. R 1 and C1 represent the cell where R 1 is the resistance 
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of the solution and C1 is the capacitance of the cell. C2 is the capacitance 
of the coaxial cable which is large compared to C1. The oscillator 
input is adjusted on the transmitter coil (L3 and ~) so as to give a 
maximum reading in the detector circuit. 
It was originally noticed that when the approximate 200 volts 
produced by the oscillator on a loaded circuit was used in a titration, 
Connection 
for Ground 
Copper Bond 
____ J 
-
I 
I 
I 
I 
I 
I 
I 
------
FIG. 2.-Titration cell. 
that the change in voltage was so small that it was difficult to read 
accurately the voltage on the 300 volt scale. In order to use the entire 
scale of the meter and still have the same change in voltage, a detector 
and bucking voltage circuit was added (Fig. 1). Thus, where previously 
during a titration, a 10 volt change occurred which represented only 
0.03 per cent of the entire scale now, with all but 10 volts of the 
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200 volts bucked out, the readings could be taken on the 10 volt scale 
and represent a change of 100 per cent of the total scale. This greatly 
increased the accuracy and the sensitivity of the apparatus. 
Several adjustments must be made when setting up the apparatus 
for the first time. One of these is the length of the exposed platinum 
electrode in the cell; this controls the sensitivity of the cell, and must 
be adjusted to give the optimum sensitivity. The best length of the 
electrode for the cell (Fig. 2) was 1 cm. This was found by starting 
with a length of about 3 cm. and securing voltage readings with varying 
concentrations of potassium chloride. For this length, the readings were 
To Detector 
To Oscillator 
Ground 
Frc. 3.-Equivalent circuit of inductance coil, titra-
tion cell and connecting coaxial cable. 
quite scattered. About 0.5 cm. was cut from the electrode and test 
repeated. This process was continued until the points plotted gave a 
curve whose points were within the accuracy desired. 
The oscillator was set at some frequency around 20 megacycles 
and the tap on the transmitter coil was adjusted for maximum voltage 
output. The maximum sensitivity can be obtained by tuning either the 
oscillator or the transmitter coil. Once having the system tuned to 
resonance it was found to be more convenient to vary the oscillator 
controls for peaking on the resonant curve before every titration rather 
than changing the transmitter coil tap. Peaking the voltage was done 
after the solution had been added to the reaction cell. Tuning by varying 
the oscillator controls does vary the frequency, but slight variations in 
frequency have little effect on the output of the oscillator. 
The case of the vacuum tube voltmeter was placed on rubber 
mounts and thus insulated from the rest of the apparatus. 
Some typical loading curves for a solution containing an electro-
lyte are shown in Figure 4. Various types of loading curves may be 
obtained depending upon the concentration used and the conductance 
of the ions present. Figure 5 shows the result of 3.3 p.p.m. of potassium 
chloride diluted with water from .150 ml. to 250 ml. 
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The following explanation has been proposed for the voltage 
changes under various conditions. From the equivalent circuit (Fig. 3) 
it is seen that the transmitter coil is divided so as to form an auto-
transformer made of L 3 and L 4• Consider that Xe, the reactance of 
the condenser, is equal to 1/ wC and that X L4 , the reactance of the 
inductance coil L 4 is equal to wL4, where w is 2 rr f. Then l e is pro-
portional to wC and IL4 is proportional to 1/ wL4 • Keeping in mind that 
frequency is expressed as f = l / 2rryLC, we notice (Fig. 4) that the 
voltage decreased when potassium chloride was added to the solution. 
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The addition of ions to the solution increases the capacitance of the 
solution. This produces a decrease in IL4 and thus a decrease in the 
voltage read. · 
The same explanation can be used for Figure 4 in which an electro-
lyte is progressively diluted, the capacitance thus decreased, the current 
in the inductance coil correspondingly increased, and voltage as read 
on the voltmeter increased. 
These two explanations may be combined to explain the titration 
of potassium sulfate with barium acetate (Fig. 5) . . 
It was expected that the heat generated by the passage of the 
current would increase the temperature sufficiently to alter the con-
ductance. Experiment showed that in sixty minutes a solution was 
warmed 5.8° resulting in a decrease in the voltage reading of 2.5 volts. 
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Thus, titrations carried out rapidly would not be influenced significantly 
by this effect. For longer periods a correction could be applied. 
CONDUCTIMEI'RIC TITRATIONS 
To test the apparatus conductimetric titrations of potassium sulfate · 
with barium acetate and of fluoride with thorium nitrate were carried 
out. 
The end-points in the case of the titration of sulfate were eminently 
satisfactory in concentrations higher than 40 p.p.m. of sulfate (about 
0.00045 M). As with conductimetric titrations at lower frequencies, the 
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Frc. 5.-Titration of potassium sulfate with barium acetate. Sulfate concentration 
above 40 p.p.m. ; end-point stoichiometric. 
data before and after the end-point were satisfactory and the results 
stoichiometric up to 0.05 N sulfate. No doubt even more concentrated 
solutions could be titrated successfully. 
At concentrations below 40 p.p.m. the results on varying the 
quantity of sulfate were not in proportion to the amount taken but 
depended on the time taken for the titration. At these low concentra-
tfons a precipitate of barium sulfate did not form and it appeared that 
the rate of growth of the barium sulfate particles was involved. In 
Figure 6 are plotted data showing the character of the titration curves 
obtained with the same amount of sulfate but carried out at different 
r ates. 
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The same phenomenon was observed in the titration of fluoride with 
thorium nitrate. Below 25 p.p.m. of fluoride the results are not stoichio-
metric; above this amount the results were satisfactory. 
RATE OF PRECIPITATION OF BARIUM SULFATE 
After it was realized that a time factor was involved in the con-
ductimetr'ic titration of sulfate it became of interest to determine the 
time required for the establishment of equilibrium after mixing sulfate 
and barium ions. 
13 p.p.m. K1S04 titroted with 800 p.p.m Bo(OAc )1 
. 
~1~1--~~-t---\-\--->i,.-~~+-~~-+...,,,.'--~+-~~-+-~~---11---~~--+--~~-l 
> 
0 4 • 
Ml. Bo(OAcJ1 
FIG. 6.-Titration of potassium sulfate with barium acetate illustrating non-
stoichiometric character of end-point in dilute solution. 
A solution of potassium sulfate was placed in the cell, the apparatus 
adjusted, and a solution of barium acetate added. The voltage reading 
was taken immediately and at five minute intervals thereafter. An 
induction period is evident in each of the curves. Data for two ratios 
of sulfate and a theoretical treatment of the data are given in the paper 
by Bever, Duke and Diehl ( 4) . 
ACKNOWLEDGEMENT 
The authors wish to express their appreciation to the Standard Oil Company of 
Indiana for financial aid for this work. 
296 R. J. BEVER, C. E. CROUTHAMEL, AND H. DIEHL 
LITERATURE CITED 
1. BLAKE, J: G c, 
1945. Sci. Instruments, 22: 174. 
2. (7 l. 1 ~ I~ l [;.. 
1946. Chemistry and Industry, No. 3, 28. 
· 3. JENSEN AND PARRACK 
1946. Ind. Eng. Chem., Anal. Ed., 18: 595. 
4. DuKE, BEVER, AND DIEHL 
1949. Iowa State College Jour. Sci., 23: 297. 
THE RATE OF PRECIPITATION OF BARIUM SULFATE 
FREDERICK R. DtJKE, ROBERT J . BEVER, AND HARVEY DIEHL 
Department of Chemistry, Iowa State College, Ames, Iowa 
Received April 22, 1949 
In the preceding paper measurements of the rate of precipitation 
of barium sulfate using a modified high-frequency conductivity instru-
ment have been reported (1). A sigmoid-type curve characteristic of 
processes with an induction period is obtained (Fig. 1) . 
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FIG. 1.-The rate of precipitation of barium sulfate. 
Previous attempts to interpret the kinetics of barium sulfate 
precipitation are chiefly those of von Weimarn (2) whose work leads 
to an empirical set of precipitation rules. He was unable to formulate 
any sort of exact treatment for lack of accurate rate data. With more 
satisfactory experimental data now available it becomes of interest 
to develop a more complete and precise theory to account for the 
observed rates of precipitation of barium sulfate. 
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THEORY 
The rate of precipitation of barium sulfate was assumed to be 
proportional to the product of the surface area and the barium ion and 
the sulfate "ion concentrations: 
I 
where P is the number of moles of precipitate per unit volume, k the 
specific rate constant and S the surface area of the precipitate. The 
surface, in turn, is: 
II S = n4rc~2 
where n is the number of particles of precipitate, and r the radius of 
the particles. Further, 
P (Mol. Wt. BaS04 ) 
III n = 
Q (4/ 3rcrH) 
where Q is the density of the barium sulfate. In other words, the number 
of particles is the total volume divided by the volume of each particle. 
Combining II and III, 
3P(Mol. Wt. BaS04 ) 
IV S = ~--------
QT 
The radius, r , may be cancelled out as done iil the combined equations 
if the particles are uniform in size. The unknown r is eliminated in the 
following way: It is assumed that the ionic agglomerate capable of 
growing to crystal size is the ion pair. The number of ion pairs which 
may grow is set by the following equilibrium: 
Ba+++ S0.1= ~ BaS04 (ion pairs) 
and by the original barium and sulfate ion concentrations, [Ba++J0 and 
[S04= ] 0. Thus, 
V n = k[Ba++] 0 [S04= ] 0 
Combining I, IV and V, the final equation is obtained: 
dP [3P (Mol. Wt. BaS04 ) J 213 [ ] 113 .. 
-;u- = k Q 4k[Ba++] 0 [SQ4=] 0 [Ba++] [S04= ] 
Combining all constants 
dP 
VI -- = k'[Ba++) 0113 [SO,i.= ] 0113 P 213 [Ba++] [S04=] dt 
TEST OF THE THEORY 
Using the plane-surface mirror technique, normals were drawn to 
the curve at various points (Fig. 1). The negative reciprocal of the 
dP 
slope of the normal gives the instantaneous rate of precipitation, 
dt 
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at that point. P was evaluated by considering the asymototically 
approached maximum in the voltage curve to be the point of complete 
precipitation and assuming a linear function relating voltage to quantity 
of precipitate formed. Suspended barium sulfate was shown to have 
no conductivity. Knowing P and the original concentrations of Ba++ 
and S04 = , the concentrations of these ions at any time were evaluated. 
These values were used with equation VI to calculate k' (Table 1) . 
TABLE 1 
CALCULATION OF k' , PRECIP ITATION R ATE CoNSTAKT 
dP 
dt f>21a x 104 [Ba ++] x 104 [SO ,=] x 104 k' [Ba++]0 (S0,=]0 k' x 109 
U pper curve 
0 .... . . 0 1. 95 1 .4 
0 . 166 .. . .. . .. . . . ... .58 1. 95 1 . 4 . 108 
0 .62 ... . . .. . ...... .. 2 .3 1 .95 1. 4 .102 
2 .2 ......... 12 1 . 55 1.0 .121 3 .6 
2 . 3 . ... .. ....... . . . . 15 .5 1 . 3 0 .8 .145 
1. 1 . ... . ... .. .. . .. 21 .5 0 .95 0.4 .128 
0 .52 .... 25 0 .75 0 .2 .138 
0.34 . ..... . . . ... . . . 25 0 .70 0 . 13 .136 
Lower curve 
0 ............. 0 l .0 1.4 . . . . . . . . . . 
0 . 46 . . 10 0 .60 1.00 .08 
0.42 . . 10 0 .58 0 .98 .07 3.3 
0 .1 4 .. 13 0. 20 0 .60 .09 
DISCUSSION 
As will be seen from Table 1 fairly good agreement was obtained 
for the value of k' for the two runs, at different initial concentrations 
of barium ion. It was assumed that the ion pair is the precursor of the 
crystal and that the number of ion pairs and hence the number of 
particles of precipitate is set by the original concentrations of barium 
and sulfate ions. It is assumed also that all of the particles grow at 
uniform rate. Since a fairly ·constant value of k' was obtained .these 
assumptions appear justified. A microscopic examination of barium 
sulfate precipitated this way shows that the particles are all of uniform 
size (Fig. 2). 
Since the number of ion pairs increases with decreasing dielectric 
constant, the number of particles will be larger and the particle size 
less when barium sulfate is precipitated from a solvent such as mixed 
water-alcohol. It is likely that the number of ion pairs increases as 
the temperature decreases. Thus smaller particles should be expected 
under given conditions when obtained from cold solutions. Smaller 
particles should be obtained from concentrated solutions than from 
dilute. All of these conclusions are borne out by experience, but it is 
planned to continue these' studies to obtain more quantitative informa-
tion. 
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This treatment is rather insensitive to the size of the original 
ionic agglomerate, which may turn out to be an ionic triplet or larger 
agglomerate when more data are obtained. 
FIG. 2.-Barium sulfate crystals. x 100. 
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